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PREFACE 


The  wind  tunnel  continues  to  be  the  main  instrument  for  providing  experimental  aerodynaniic  data  to  the  aerospace 
industry  and  the  aerodynamic  reseacber  for  the  purpose  of  load  and  performance  evaluation  and  for  verification  of  theoretical 
results.  In  both  cases  it  is  imperative  that  the  user  has  confidence  in  the  quality  of  the  results,  which  means  that  he  must  have 
informatioa  on  what  accuracy  to  attach  to  the  data. 

The  quality  of  wind  nmoel  results  depends  upon  both  the  accuracy  of  measurements  ai>d  the  imperfections  prxrvided  by 
the  wind  tunnel  environmenL  Great  strides  have  bm  made  in  teceu  years  on  measuremem  accuracy  and  as  a  nile  this  need  no 
longer  be  of  much  concern  if  property  attended  to.  However,  imperfections  provided  by  the  wind  tunnel  environment  ate  still 
with  us  and  these  are  today  the  main  sources  affecting  the  quality  and  accuracy  of  aerodynamic  data  obtained  in  a  wind  nmnel. 

These  imperfections  can  be  classified  into  two  categories,  those  which  are  fociUty  related  (on-coming  flow  non- 
unifotinities,  unsteadiness  and  noise;  wall  and  support  interference;  test  repeatability;  etc...)  and  those  which  are  simulation 
related  (Mach  and  Reynolds  numbers;  boundary  layer  simulahon;  model  coirformity;  etc..). 

Operators  as  well  as  users  ate  continuously  striving  to  reduce  or  eliminate  imperfections  in  thsese  various  areas  so  as  to 
improve  the  accuraey/quality  of  data. 

It  was  the  purpose  of  this  symposium  to  try  to  define  what  accuracy  has  presently  been  achieved  in  modem  facilities  and  to 
compare  these  adfievements  with  the  actual  demands  that  die  users  may  have  in  this  matter. 

The  symposium  consisted  of  seven  sessions. 

Searian  1  took  stock  of  the  situation  thanks  to  comparisons  between  results  obtained  in  different  wind-tunnels  on  models 
supposed  to  have  similar  shapes. 

Session  1.  in  particular  thanks  to  the  experience  of  propulsion  researchers,  showed  the  benefit  which  can  be  derived  fom  a 
systematic  analysis  of  measured  uncertainties. 

Session  3  presented  the  state  of  the  art  in  the  field  of  drag  measurement,  which  is  of  prime  importance  for  transport 
aircraft  performance  evaluation. 

Sessions  4  and  S  reported  actions  taken  to  enhance  the  data  accuracy  by  properly  accounting  for  facility  imperfections 
and  by  improved  simulation  techniques. 

Session  6  highlighled  the  progress  which  can  be  expected  from  the  use  of  new  testing  techniques. 

Session  7  allowed  the  wind  tunnel  users,  including  representatives  from  the  Flight  Mechanics  Panel  and  from  the 
Structures  and  Materials  Panel  to  express  their  needs  with  regard  to  data  accuracy. 

Finally  a  round  table  discussion  launched  by  the  Symposium  Technical  Evaluator  Mr  Ll.aster  provided  a  forum  where 
both  operators  and  users  from  the  Research  Coimnunity  as  well  as  from  the  Aircraft  Industry  exchanged  their  views  and  had 
stimulating  discussioiis. 


B.MONNERIE 

L.OHMAN 


La  souffierie  continue  i  itre  le  moyen  principal  pour  foumir  des  rdsuhats  experimentaux  i  I’industrie  aerospatiale  et  aux 
chetcheuts  adtodynamicieiis  en  vue  de  la  prevision  des  performances  et  des  charges  aerodynamiques  et  de  la  v^dation  des 
idsultats  thdoriques.  Dans  les  deux  cas  il  est  imp^tif  que  i'utilisateur  puisse  avoir  confiance  dans  la  qualite  des  rraultats,  ce  qui 
implique  quH  ait  des  informations  sur  la  precision  qui  est  attachde  k  ces  resultats. 

La  quaUtd  des  rdsultats  de  souffierie  ddpeod  i  la  fois  de  la  prdciaion  des  mesurts  et  des  imperfections  de  i’dcoulement 
dffivrd  par  la  souffierie.  De  grands  progtis  ont  etd  rdalisds  ces  desires  aimees  en  matieie  de  precision  de  mesure  et  de  fa(on 
gendrale  ceia  ne  devtait  phis  poser  beaucoup  de  ptobiemes  n  Ton  proebde  de  hiton  cotrecte.  Cependani,  les  imperfections  de 
recoidement  ddlivrd  par  la  souffierie  sont  toujours  Ut  et  e’est  principaiement  dies  qui  affectent  la  qualitd  et  la  precision  des 
rdsuhats  adtodynamiques  foumis  par  les  souffleries. 

Ces  imperfeetkma  peuvent  dtre  dassdes  en  deux  catdgories,  ceDes  qui  ddpendent  de  rinstallation  (non  uniformitd, 
insthbiKtds  et  bruit  de  I'dcoulement  inddent;  interfdrences  de  parois  et  de  support;  rdpdtabilild  des  conditions  (Tessais;  etc..)  et 
celles  qui  sont  relatives  k  la  simulation  qui  est  rdalisde  (nonibres  de  Mach  et  de  Reynolds,  shnulatioa  de  la  couche  limite, 
ootdoniBtd  de  la  maquelte;  etc-.> 

Les  responsafates  (TinstaBatians  aussi  bien  que  les  utilisateots  s’elfbrcsat  en  petmanenoe  de  rddahe  ou  iTdiffliner  les 
imperfections  dans  cesdMidreatsdomaines  pour  amdioter  la  prdcisioDet  la  qualitd  des  rdsuhats. 
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Ce  tympostum  a  id  organise  pour  essayer  de  defuiir  quel  niveiu  de  precision  acwelleinenl  realisd  dans  les 
installations  modemes  et  pour  comparer  ces  realisadons  aux  besoins  reels  que  les  utilisateurs  peuvent  avoir  en  cette  manere. 

Le  symposium  a  comportd  sept  sesskms. 

La  srsBien  1  a  permis  de  dresser  un  premier  bilan  de  la  situation  gfice  i  des  compaiaisons  de  r«ultats  obtenus  dans 
difKrentes  souffleries  sur  des  maquettes  censees  avoir  des  formes  semblaMes. 

La  insinn  2,  en  particulier  gr&ce  ii  I'experience  des  motoristes,  a  montre  le  benefice  qui  peut  etre  tire  d'une  analyse 
systdmatique  des  incertitudes  de  mesure. 

La  sessioii  3  a  present^  I'etat  de  I'art  en  matiere  de  mesure  de  la  trainee  qui  est  une  caracteristique  d’importance 
capitalc  pour  ks  avions  de  transport 

Les  sessions  4  et  S  ont  relate  des  mesures  qui  ont  ete  prises  pour  augmenter  la  prrasion  des  resultats  en  prenant  en 
compte  les  imperfections  de  I'installation  et  en  ameliorant  les  techniques  de  simulation. 

La  session  6  a  mis  en  evidence  les  progres  qui  peuvent  etre  esperes  de  I'utilisation  d’un  certain  nombre  de  techniques 
d'essai  nouvelles. 

La  session  7  a  permis  aux  utilisateurs  en  particulier  aux  representants  des  commissions  de  Mecanique  du  Vol  et  des 
Structures  et  Materiaux,  d'exprimer  leurs  besoins  en  ce  qui  conceme  la  precision  des  resultats  de  soufSerie. 

Eniin,  une  discussion  de  table  ronde  lancte  par  I’Evaluatair  Technique  du  Symposium  Monsieur  L.Laster  a  donne 
I'occasion  aux  responsaUes  d’installations  et  aux  utilisateurs  de  la  Recherche  et  de  llndustrie  d'echanger  leurs  points  de  vue 
sur  la  question  et  d'avoir  des  discussions  stimulantes. 


B.MONNERIE 

L.OHMAN 
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ABSTRAa 

A  large  body  of  experieental  resuUt,  which  were  obtained  in  eore  than  40  wind  tunnels  on  a  single, 
well-known  two-diaensional  configuration,  has  been  critically  examined  and  correlated.  An  assessnent  of 
SOM  of  the  possible  sources  of  error  has  been  aade  for  each  facility,  and  data  which  are  suspect  have 
been  identified.  It  was  found  that  no  single  experlMnt  provided  a  coaplete  set  of  reliable  data, 
although  one  Investigation  stands  out  as  superior  in  nany  respects.  However,  froa  the  aggregate  of  data 
the  representative  properties  of  the  NACA  0012  airfoil  can  be  identified  with  reasonable  confidence  over 
wide  ranges  of  Mach  nuaber,  Reynolds  nuaber,  and  angles  of  attack.  This  synthesiied  inforaation  can  now 
be  used  to  assess  and  validate  existing  or  future  wind  tunnel  results  and  to  evaluate  advanced  Coaputa- 
tional  Fluid  Oynaaics  codes. 


I.  INTRODUCTION 

Reliable  deteraination  and  assessMnt  of  the  accuracy  of  aerodynaaic  data  generated  in  wind  tunnels 
reMins  one  of  the  aost  vexing  problems  In  aeronautics.  Aerodynaaic  results  are  seldom  duplicated  in 
different  facilities  to  the  level  of  accuracy  that  is  required  either  for  risk-free  engineering  develop- 
Mnt  or  for  the  true  verification  of  theoretical  and  numerical  Mthods.  This  shortcoming  is  particularly 
acute  with  regard  to  today's  rapid  proliferation  of  new  Computational  Fluid  Dynamic  (CFD)  codes  that  lack 
adequate  validation  |1|. 

On  the  other  hand,  the  NACA  0012  profile  Is  one  of  the  oldest  and  certainly  the  most  tested  of  all 
airfoils;  and  It  has  been  studied  in  dozens  of  separate  wind  tunnels  over  a  period  of  more  than  50  years. 
Although  no  single  high-quality  experiment  ipans  the  complete  subsonic  end  transonic  range  of  flow  condi¬ 
tions,  the  combined  results  of  this  extensive  testing  should  allow  some  conclusions  to  be  drawn  about 
wind-tunnel  data  accuracy  and  reliability,  at  least  for  two-diMnsional  (2-D)  testing.  This  paper 
attempts  to  extract  as  much  useful,  quantitative  information  as  possible  from  critical  examinations  and 
correlations  of  existing  data  from  this  singlg,  well-known  configuration,  obtained  in  over  40  wind  tunnels 
and  over  wide  ranges  of  Mach  number,  Reynolds  number,  and  angles  of  attack. 

A  preliminary  comparison  by  the  author  (2)  in  1982  of  results  from  about  a  dozen  widely-quoted  inves¬ 
tigations  for  the  NACA  0012  airfoil  revealed  significant  and  unacceptable  differences  between  wind 
tunnels,  and  subsequent  examinations  of  more  data  sets  merely  coaqiounded  the  confusion,  as  indicated  in 
Figs.  1  and  2.  Therefore,  a  major  part  of  the  present  investigation  was  the  developMnt  of  a  filtering 
process  for  screening  the  available  data  and  classifying  the  experiMntal  sources  into  broad  categories  of 
estiMted  reliability.  This  process  Is  described  in  tne  next  section.  Detailed  comparisons,  correla¬ 
tions,  and  uncertainty  estimates  are  discussed  In  subsequent  sections,  where  the  the  following  results  are 
considered: 

1.  Lift-curve  slope  versus  Mach  and  Reynolds  number 

2.  Miniaaim  drag  versus  Mach  and  Reynolds  number 

3.  Maximum  lift-to-drag  ratio  versus  Mach  and  Reynolds  number 

4.  Maximum  lift  versus  Mach  and  Reynolds  number 

5.  Shock-wave  position  versus  Reynolds  number  at  M  <  0.8 

As  this  list  indicates,  the  present  study  deals  mostly  with  the  integral  quantities,  lift  and  drag. 
Despite  the  large  nuaber  of  references  available  on  this  most  popular  of  all  airfoils,  it  was  found  that 
there  is  insufficient  overlap  in  the  experiMnts  to  Mke  many  Maningful,  direct  comparisons  of  more 
detailed  quantities,  such  as  pressure  distributions.  In  the  transonic  reglM.  It  Is  acknowledged  that 
pitching  moment  is  also  a  sensitive  integral  parmaeter  that  displays  interesting  transonic  behavior,  but 
Is  not  considered  in  this  paper. 


II.  THE  FILTERING  AND  ANALYIS  PROCESS 

The  main  objective  of  this  section  is  to  combine  the  critical,  relevant  information  that  is  available 
on  airfoil  testing  and  on  airfoil  aerodynamic  behavior  into  a  systematic  screening,  or  "filtering,"  pro¬ 
cess  that  can  be  used  to  assess  the  quality  of  individual  experiMntal  sources  of  data.  This  process  will 
then  be  used  to  classify  each  data  set  and  to  weigh  the  accuracy  of  those  data  against  the  quantitative  or 
qualitative  information  that  they  can  provide  about  the  aerodynamic  characteristics  of  the  NACA  0012 
airfoil. 
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A.  OeveloDBent  of  the  Process 

The  erlticel  Infonutlon  used  In  the  developieent  of  the  process  Is  derived  fro«  four  broad  categor¬ 
ies,  as  follows: 

1.  A  very  large  collection  of  wind-tunnel  data  for  the  NACA  0012  which  varies  widely  for  aany 
possible  reasons. 

2.  A  inodest  collection  of  “facts.”  I.e., 

a.  well-established  theories  and  slallarlty  laws 

b.  generally-accepted  eapirical  laws 

c.  recent  advances  In  Identifying,  analyzing,  and  correcting  for  wind-tunnel  wall  effects. 

3.  A  fuzzy  collection  of  “folklore*  aboit  airfoil  behavior,  test  techniques,  and  wind-tunnel 
characteristics. 

4.  Recent  CFO  results  for  a  few  standard  airfoil  cases  In  both  sinulated  free-air  conditions  and 
coablned  a1rfo11/w1nd-tunnel  Installations. 

This  aggregate  of  Inforaatlon  finely  establishes  some  laportant  sources  of  wind-tunnel  errors  and 
certain  properties  of  airfoils  such  as  the  NACA  0012.  This  knowledge  can  be  suanarized  as  follows: 
first,  all  four  wind-tunnel  walls  generally  Interfere  with  the  flow  around  the  airfoil,  and  this  phenoiae- 
non  Is  generally  aore  acute  than  for  three-dlawnslonal  (3-D)  bodies.  The  top  and  bottoai  walls  particu¬ 
larly  affect  the  effective  angle  of  attack,  the  shape  of  the  pressure  distribution  (and  hence  pUchlng- 
■aoaent  coefficient),  and  the  shock-wave  location,  and  to  a  lesser  extent,  lift,  drag,  and  effective  Mach 
nuaber.  Solid  walls  increase  the  effective  a  and  Mach  nuiiAer,  but  these  effects  are  considered  to  be 
easily  correctable,  at  least  In  subsonic  and  alldly  transonic  flows.  Slotted  or  porous  walls  lower  the 
effective  a;  atteagis  are  often  aade  to  correct  for  this,  but  It  Is  difficult. 

Second,  side-wall  boundary  layers  have  been  shown  to  lower  C,,  C^,  and  the  effective  M,  and  to  wove 
the  shock  forward.  Flow  separation  at  the  a1rfo11-wa11  Juncture  affects  the  shock  location  and  reduces 
C,  .  The  effects  can  be  reduced  substantially  by  the  application  of  suction  on  the  side  walls,  and 
corrections  can  be  applied  If  there  Is  no  separation  In  the  corners. 

Third,  free-streae  turbulence  and  boundary-layer  trips  Increase  C.  and  often  affect  C,,  C,,  and 
shock  location.  Many  airfoils.  Including  the  NACA  0012,  eay  be  particularly  sensitive  to  Reynolds  nuaber 
variations  If  no  trip  Is  used;  however,  extreae  care  aust  be  exercised  In  tripping  the  boundary  layer  to 
avoid  causing  excessive  drag  Increaents  and  erroneous  changes  1n  Cj  and  shock  position.  The  effects  of 
both  trips  and  turbulence  are  difficult  to  quantify. 

Concerning  airfoil  behavior,  two  Important  “facts”  have  been  established  about  the  behavior  of  lift 
and  drag  In  subsonic  flow  at  saal!  angles  of  attack.  At  high  Reynolds  numbers,  both  C^  at  zero  lift  and 
the  quantity  /l  Vc,  are  Independent  of  M  and  are  only  weakly  dependent  upon  Re.  Unfortunately, 
most  other  aspects  of  airfoil  characteristics  are  not  as  firmly  established,  and  even  these  two  quantities 
are  not  well  defined  In  transonic  flow.  However,  aeasureaents  of  general  trends  and  qualitative  behavior 
are  generally  accepted,  even  If  the  absolute  values  of  C^,  C^,  and  C^,  for  example,  are  uncertain. 

To  Improve  on  this  situation,  the  following  filtering  or  screening  process  Is  proposed.  First,  an 
attempt  will  be  made  to  Identify  the  hlghest-quallty  experiments  In  which  the  aforementioned  wind-tunnel 
problems  were  carefully  controlled,  corrected  for.  or  otherwise  ameliorated.  Second,  the  results  of  these 
tests  will  be  used  to  establish  the  quantitative,  “factual,"  behavior  of  the  critical  parameters  C^  and 
_/  ~~6  **0 
aC,  ,  where  a  -  fl  -  M  .  as  functions  of  Re  In  the  subsonic  regime  where  they  art  essentially 

Independent  of  M.  This  Information  comprises  the  filters  that  are  necessary,  although  not  sufficient, 
screening  criteria  for  Judging  the  credibility  of  the  remaining  data.  Third,  these  filters  will  be  used 
to  help  Identify  obviously  erroneous  aspects  of  all  the  data  sets  and  to  classify  each  experiment  accord¬ 
ingly.  Fourth,  all  the  data  will  be  critically  examined  outside  the  range  of  Mach  and  Reynolds  numbers 
for  which  the  filters  were  developed.  Finally,  a  subjective  extension  of  the  fourth  step  will  be  made. 

The  “folklore”  correlations  and  other  Information  referred  to  above,  and  established  transonic  similarity 
laws,  will  be  used  to  combine  selected  NACA  0012  and  other  airfoil  data  In  order  to  estimate  the  transonic 
properties  of  the  NACA  0012  over  a  range  of  Mach  numbers,  0.85  <  M  <  1.1,  for  which  yirtually  no  reliable 
data  exist. 

8.  Application  of  the  Process 

Table  1  lists  and  summarizes  the  experiments  which  clearly  stand  out  as  having  been  conducted  with 
the  utmost  care  and/or  as  most  nearly  eliminating  the  Important  sources  of  wind-tunnel  errors.  These 
sources  are  referred  to  throughout  this  paper  as  Group  1.  It  will  be  noted  from  Table  1  that,  unfortu¬ 
nately,  only  one  of  the  experiments  extends  slightly  Into  the  transonic  regime,  and  that  the  turbulence 
level  In  that  test  was  relatively  high.  Also,  for  the  present  purposes.  It  Is  unfortunate  that  the  only 
data  reported  from  that  experiment  were  obtained  with  a  boundary- layer  trip,  although  some  unpublished 
data  were  also  obtained  without  a  trip. 
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The  results  for  sC^  free  Group  1  ere  plotted  versus  Re  In  Fig.  3.  It  Is  deer  that  the  results 
shown  In  this  figure  represent  a  Mjor  laproveaent  over  the  large  scatter  In  Fig.  1.  A  good  fit  of  the 
lift-curve  slope  data  In  the  Halted  range  2  «  l(r  <  Re  <  2  «  10'  Is  given  by 

ac.  •  0.1025  *  0.ra48S  Log(Re/10‘)  per  degree  (1) 

with  an  ras  standard  error  of  0.00024  and  a  aaxiaua  error  of  0.0029  for  the  30  points  shown. 

Slallarly.  the  results  for  are  plotted  In  Fig.  4.  The  aeanlng  of  the  various  groups  Is 

explained  below.  The  drag  data  free  Group  1  without  a  boundary- layer  trip.  I.e.  the  open  circles,  can  be 
approxiaated  well  by 


-  0.0044  ♦  0.018  Re"®-!®  (2) 

with  an  ras  standard  error  of  0.00005  and  a  aaxiaua  error  of  0.0007  for  the  36  points  froa  Group  1.  The 
data  with  a  boundary  layer  trip  show  a  greater  sensitivity  to  Reynolds  nuaber.  In  accord  with  the  approx- 
laate  variation  of  fully  turbulent  skin  friction  with  Reynolds  nuaber  [31.  a  good  fit  to  the  Group  1 
tripped  data  Is  given  by 

Crf  -  0.0017  ♦  0.91/(U>g  Re)*-“  (3) 

where  the  constant  0.0017  was  chosen  to  optlalye  the  curve  fit  shown  In  Fig.  4. 

For  reference.  It  Is  estlaated  that  the  Individual  values  of  aC,  and  can  be  detemlned  or 

“o 

calculated  froa  the  Individual  Group  1  data  points  to  an  overall  precision  of  about  tO.OOOS  and  to. 0002, 
respectively.  It  nay  be  nentloned  that  Ref.  4  lists  the  desired  accuracy  of  froa  wind  tunnels  as 
0.0005  for  the  assessaent  of  configuration  changes  and  0.0001  for  the  validation  of  CFD  codes. 

The  Inforaatlon  In  Eqns.  1-3  can  now  be  used  to  assess  the  accuracy  of  the  data  froa  the  reaainlng 
sources  and  to  group  the  data  Into  separate  categories.  After  auch  deliberation.  It  was  decided  to  define 
Group  2  as  coaprtsing  those  data  which  generally  agree  with  both  the  lift  and  drag  criteria  expressed  In 
Eqns.  1-3,  to  within  iO.0040  for  aC^  and  to  within  iO.OOlO  for  .  These  experinents  are  listed  In 
Table  2.  Foreaost  In  this  group  Is  tie  experlaent  of  C.  D.  Harris  1 5?,  Although  this  experinent  was 
carefully  conducted  and  offered  the  advantage  of  a  large  aspect  ratio,  lift-interference  corrections  on 
the  order  of  155  are  required  for  the  angles  of  attack.  These  were  a  Mjor  concern  Initially,  but  In  the 
subsequent  discussions  and  figures  It  will  becoaie  evident  that  these  results  are  coaiparable  In  accuracy  to 
those  of  Group  1. 


A  Abbott  te  vonSoenboff,  ITFl^  no  trip 


Fig.  3.  Uft-cunn  alape  at  aero  lift  vs.  Htynoldt  number:  Croup  I  data,  Al  <  0.55.  expmwM  vortical  scale. 
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Sever*!  sources  provide  d«t«  tli«t  spree  well  with  the  Sroup  1  results  for  either  »C,  or  Cj  .  but 
not  for  both.  In  seme  coses,  only  one  of  these  key  puentltles  wts  neesured.  These  ire  classified  is 
Group  3  ind  ire  listed  In  Tible  3.  An  exiiple  of  this  group  Is  the  essentliHy  Interference-free  experl- 
■ent  of  Vldl!  et  |1.  |6|,  tdilch  provides  good  lift  dltl,  but  which  used  i  lirge  trip  thit  evidently  pro¬ 
duced  excess  drig. 

A  few  sources  provided  diti  tint  generslly  sitisfy  the  bisic  lift  ind/or  drig  criterli  outlined 
Above,  but  for  which  other  ujor  probloss  hive  been  Identified.  In  Addition,  i  significint  nundter  of 
tests  fill  to  sitisfy  either  of  these  two  criterli,  but  they  do  cover  ringes  of  Mich  nuaber  where  even 
guilltitlve  Infomtion  Is  helpful.  These  sources  ire  referred  to  is  Group  4  ind  ire  briefly  siaaigrlzed  In 
Tible  4.  Flmlly,  still  other  sources  were  exaslned  thit  filled  to  sitisfy  the  criterli,  ind  which  did 
not  ippeir  to  offer  iny  significint  idditlonil  Informtlon  relevint  to  the  present  Investlgitlon.  For 
Inforaitlon  purposes  these  ire  listed  In  Title  5,  but  their  results  ire  not  used  In  this  piper. 


III.  RESULTS  AND  DISCUSSION 

In  this  section,  the  results  froa  Groups  1-4  end  froa  the  other  sources  illuded  to  Section  II. A  ire 
used  collectively  to  estibllsh  the  priaiiy  clwricterlstlcs  of  the  NACA  0012  ilrfoll  over  i  wide  ringe  of 
Mich  nuaber,  Reynolds  nuMer,  aid  ingle  of  ittick. 

A.  Lift-Curve  Slone.  dC,/d« 

Figure  S  shows  the  diti  froa  Groups  1-3  for  iCi^  is  i  function  of  Reynolds  nwMier,  for  H  <  O.SS. 
Hirris'  results  (5),  it  Re  •  3  ind  9  >  10^,  ire  hl^llghted  by  solid  syabols,  ind  this  convention  will 
be  followed  In  aost  of  the  reailnlng  figures.  The  scitter  In  the  Group  2  diti  Is  slightly  greeter  then 
thit  of  the  froup  1  results,  but  the  guintititive  behevlor  of  iC^  seeas  to  be  estibllshed  now  over  the 
ringe  of  nost  wind-tunnel  tests  for  leromutlcil  purposes.  * 

The  coaplex  trinsonic  behivlor  of  C,  Is  lllustrited  In  Fig.  6,  where  the  relevint  Group  3  diti 
hive  been  iddsd.  This  figure  cleerly  represents  •  aijor  laprovaMnt  over  Fig.  2.  For  these  conditions, 
the  good  igreeaent  between  Hirris'  results  |SI  ind  those  of  Green  md  Newain  1 7)  constitute  further  vill- 
ditlon  of  the  fonar.  The  lirgcst  dlscrepencles  tint  reasin  occur  with  the  diu  frua  Vidil  et  il.  |6| 
below  N  •  0.8,  which  seeas  to  be  aostly  •  Rcynolds-nuAer  effect,  ind  Sagrer  |8),  who  reported  Urge 
vilues  It  N  •  0.8.  It  Is  uncleer  whether  this  Is  due  to  side-will  Interference,  or  soaethlng  else.  8ut 
In  111  cites,  the  peik  in  C.  occurs  it  H  •  0.80  10.01. 

*• 
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Fig.  5.  Uft~eurv€  slapt  vs.  Rsyrtolds  numbsr.  Some  scales  as  Fig.  1. 
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MACH  NUMBER 

Fig,  4.  Uft'-amve  Mope  vs.  Mach  number. 
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The  date  In  Fig.  6  Indicetc  rapid  variations  with  Nach  nHafxr  In  the  narrov  range  0.8  <  M  <  0.9. 
Unfortunatelp,  the  firoup  2  and  3  data  are  very  sparse  In  this  region,  and  are  nonexistent  above  M  «  0.95. 
Therefore,  an  atteept  ms  aade  to  extract  selected  additional  InforMtlon  froai  the  Group  4  data  and  from 
other  sources,  as  discussed  above.  Three  points  are  relevant  here.  First,  In  the  transonic  portion  of 
Fig.  2,  the  results  of  Scheltel  8  Nagner  f9|  can  be  argued  to  be  the  eost  reliable  of  the  Group  4  aeasure- 
■ents,  because  s1de-Ml1  suction  wu  used  and  because  their  results  are  eore  nearly  consistent  with  the 
Group  2  and  3  data  idierc  there  Is  soa«  overlap.  Second,  all  of  the  supersonic  data  points  of  Group  4  are 
In  good  egreauant  with  one  another  and  with  the  slallarlty  correlation  given  below  which  encoapasses  other 
syaatrical  airfoils  (10,31), 

C,  -  0.05S((v  ♦  tlO*  (4) 
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It  wst  be  noted  that  this  staple  relettm  U  only  valid  In  the  lev  tupersonic  range.  0.1  <  M  <  1,  where 
H  •  (N^  -  1)|(y  +  l)M^Wcr^^^.  and  although  It  It  bated  on  transonic  slallarlty,  the  thickness  correla¬ 
tion  breaks  d^  for  H  <  1  U0)< 

A  third  l^wrtant  aspect  of  Figs.  <  and  C  is  the  behavior  around  M  -  0.9.  There  Is  a  wide  variation 
In  the  nlnlnui  value  of  and  In  the  Mach  nutaer  at  which  this  occurs;  and  Refs.  9  and  12  of  Group  4. 

and  Ref.  13  of  Group  5  reported  negative  values  of  .  This  phenoacnon  was  Investigated  briefly  In 
Ref.  14,  wherein  Navler-Stokes  calculations  at  M  •  O.So  and  a  •  O.S’  produced  a  oarglnally-stable  solu¬ 
tion  with  C.  •  0.  These  calculations  were  repeated  recently  with  a  tine-accurate  code,  and  this  tine 
they  produced  an  unsteady  solution  with  periodic  oscillations  with  an  anplltudc  of  aC,  •  0.1  around  a 
naan  value  of  approstnately  zero.  This  behavior  appears  to  be  Qualitatively  the  snse  is  the  transonic 
self-induced  oscillations  reported  on  a  biconvex  airfoil  by  Levy  |1$]  and  In  several  subseguent  Investiga¬ 
tions.  On  the  other  hand,  only  ‘steady*  results  have  been  reported  In  the  MCA  0012  experlnents.  and  this 
unsteady  behavior  nay  have  been  overlooked.  Furthemore,  It  Is  not  known  what  effect  the  wind-tunnel 
walls  aay  have.  Considering  these  factors.  It  Is  the  author's  subjective  opinion  that  the  correct 
behavior  for  the  nean  value  of  C^  Is  a  alnlaua  value  swawheri  between  0  and  -O.OS,  occurring  at 
H  •  0.88  t0.02.  This  area  needs  further  Investigation. 

Figure  7  shows  the  collective,  ‘filtered*  Inforeatlon  described  above  In  the  Hach  nunber  range  froa 
0.6  to  1.2,  Including  the  author's  judgeaent  of  the  upper  and  Tower  bounds  of  the  correct  transonic  lift 
characteristics  of  the  NACA  0012  airfoil  at  aoderate  Reynolds  nwtaers  and  saall  angles  of  attack.  In  sua- 
aary,  the  aost  liportant  points  art  the  following: 

1.  In  the  subsonic  range  H  <  0.5.  C,  Is  given  by  Egn.  1  to  within  tit. 

*• 

2.  The  aaxlaui  value  of  C.  is  0.21  t5(  and  It  occurs  at  N  •  0.80  tO.Ol. 

o 

3.  The  alnlaua  value  of  C.  Is  -0.025  SO.025  and  It  occurs  at  N  •  0.88  t0.02. 

*a 

4.  A  secondary  aaxlaus  In  C.  occurs  near  H  •  1,  with  a  value  of  0.09  tlO(. 

5.  In  the  low  supersonic  range  1.05  <  M  <  1.2,  C.  Is  given  by  Egn.  4  to  within  tlOX. 

* 

These  estlaates  represent  the  aaxlaua  precision  that  can  be  extracted  froa  the  existing  Inforaatlon,  and 
they  represent  what  Is  probably  the  best  absolute  accuracy  to  which  Interference-free  lift  can  be  aeasured 
on  airfoils  In  wind  tunnels  today  for  an  arbitrary  angle  of  attack. 


The  baseline  Inforaatlon  for  this  fundaaental  quantity  In  subsonic  flow  was  discussed  earlier  In 
connection  with  Fig.  4.  Although  the  data  froa  Groups  1  and  2  are  self-consistent,  the  scatter  In  the 
results  froa  Groups  3  and  4  (not  shown),  owing  to  free-streaa  turbulence,  surfKe  roughness  and/or  bound¬ 
ary  layer  trips,  wall  Interference,  and  aeasureaent  errors,  would  aleost  totally  aask  the  variation  of 
drag  with  Reynolds  readier.  Nusarlcal  results  coapITed  by  Holst  |16)  In  his  recent  validation  exercise  for 
transonic  viscous  airfoil  analyses,  suggest  that  fuT'y-turbulent  Ties  between  the  values  given  by 

Egns.  2  and  3,  but  this  has  not  been  validated  adequately.  ° 

Another  Interesting  situation  Is  the  transonic  drag  rise.  Fig.  8.  for  which  only  a  Halted  nutaier  of 
high-quality  sources  are  available.  Here  the  scatter  Is  excessive,  but  below  N  •  0.7,  each  Individual 
data  set  seeas  to  be  essentially  Independent  of  Mach  niadier.  This  suggests  subtracting  out  an  average  of 
the  subsonic  values  for  any  given  data  set.  as  follows: 

-  'd  •  ^d 
0  ^0  0 

where  Cj  Is  the  average  of  the  aeasureaents  for  H  <  0.7. 

The  results  of  applying  this  procedure  are  shown  In  Fig.  9,  which  Is  an  obvious  Inproveeent  over 
Fig.  8.  Rcaarkably,  even  the  Group  3  data  are  In  good  agreeaent  for  sC^  .  The  drag-divergent  Hach  nutaier 
can  now  be  estlaated  at  H^  •  0.77  ±0.01,  with  a  bhIT  aawnt  of  drag  creep  for  M  >  0.72. 

The  behavior  at  higher  transonic  Hach  nuabers  Is  aich  aore  difficult  to  establish.  All  of  the  data 
froa  Groups  1-4  are  plotted  In  Fig.  10.  along  with  estlaates  based  on  transonic  slallarlty  correlations  of 
data  froa  nany  other  synetrical  airfoils  (10,11,14,17-201 .  These  Tatter  sources  Indicate  that  airfoil 
behavior  In  the  low  superonic  region  Is  given  by 

C .  •  C .  ♦  a(t/c)*'*I(,  ♦  l)H*r*'’  (6) 

o  0 

where  a  Is  a  ‘constant*  that  varies  froa  source  to  source,  but  which  Is  bounded  by  about  4.0  and  5.6  . 
TTie  dashed  line  in  Fig.  10  Is  for  a  «  4.8. 

Data  froa  Groups  1-4  do  not  extend  beyond  H  «  0.95.  between  N  •  0.8  and  0.9,  where  Is  rising 
rapidly,  there  Is  a  Targe  aaount  of  scatter,  and  the  uncertainty  In  the  saatursaantt  Is  virtually  tapossl- 
ble  to  assess.  The  solid  Tines  represent  the  author's  subjective  Judgeaent  of  the  probable  upper  and 
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C.  L/D  MtlB 

This  qusntlty  has  IqtorUnt  practical  contapuancas  for  both  fUad-wIng  aircraft  and  rotorcraft,  and 
It  also  rnprasants  a  rathar  diffarant  and  sansltlva  check  on  wind-tunnel  accuracy  and  flow  quality.  On 
tha  one  hand.  It  canpounds  the  uncertainty  In  both  lift  and  draq.  but  does  so  under  test  conditions  that 
arc  less  severe  than  C,  ,  for  exaaple.  On  the  other  hand,  errors  In  anale  of  attack  or  uncertainties 
In  the  e-oorrectlons  are  not  at  Issue  hare.  Therefore,  sone  experlaents  In  which  Is  suspact  nay 
still  provide  useful  Infornatlon  on  (L/D)^.  ■ 

Reyno1ds-nui6cr  effects  on  can  be  Isolated  for  exanination  If  the  Mach  nuadier  Is  less  than 

about  0.5.  This  Is  Illustrated  In  Fig.  11,  which  shows  an  Increase  in  (L/0)«j,  by  about  a  factor  of  two 
between  Re  •  10*  and  lO'.  In  F1g.  11.  the  Group  1  results  generally  thaw  the  highest  values  of  (L/D)^,^. 
consistent  with  the  overall  high  quality  of  these  Investigations.  Several  of  the  Group  2  experlaents 
extend  tha  Reynolds  aurtter  range  to  lower  values  than  those  of  Group  1.  In  addition,  the  Group  3  results 
and  three  sets  of  data  froa  Group  4  are  In  fair  agrecacnt.  Unfortunately.  Harris  |S|  did  not  provide  lift 
and  drag  polars  for  untripped  conditions,  but  it  Is  Interesting  to  note  that  his  results  with  a  boundary- 
layer  trip  arc  In  fair  agraeaent  with  the  othar  data  shown.  This  was  not  the  case  for  any  other  tripped 
data. 


At  higher  Mach  nuabers  the  variations  In  (L/O)-^  with  Nach  and  Reynolds  madier  are  alaost  t^iossl- 
ble  to  separate  froa  one  another.  As  a  coaproalsa  between  the  llaltatlons  of  so  fen  data  available  at  a 
given  Reynolds  maaber  and  the  large  Chaims  In  (l/D)— ,  with  Re,  Fig.  12  shows  the  available  results  fur 
the  narrow  range  4  >  10*  <  Re  <  9  ,  10*.  The  data  froa  Groups  3  and  4  are  of  interest  here,  because  they 
are  the  only  available  results  without  a  trip  that  extend  Into  the  transonic  reglae.  However,  they  are 
suspicious  because  they  lie  significantly  below  the  tripped  data  of  Harris  |S|.  Additional  transonic  data 
would  be  particularly  valuable  to  clarify  the  quantitative  behavior  of  (L/D). 


0.  Maxiaun  Lift 

Conventional  wisdoa  holds  that  three-dleenslonal  separated  boundary- layer  effects  are  alnost  lepossl- 
blc  to  control  at  the  stall  conditions,  and  there  Is  soaM  question  as  to  whether  true  two-d1eens1ona1 
stall  exists,  even  for  extraaely  high  aspect  ratios.  Parenthetically,  the  accurate  prediction  of  C, 

Smx 

for  the  HACA  0012  airfoil  also  rcaalns  one  of  the  greatest  challenges  to  CFD.  Therefore,  this  quantity 
needs  to  be  established  experlaentally. 


Grot^  1  daAa,  no  trip 


Pig.  11.  Ataxlinum  U/t-to-drag  ratio  y$.  llaynoldi  number;  M  <  0.5. 


Th#  of  NKh  niriicr  on  C.  «*  sMwi  In  fig.  U.  for  «e  >  2  .  10*.  The  scetter  below 

M  •  0.2S  Meat  to  be  pertly  due  to  Reieialds  naber  mi  partly  due  to  wind-tunnel  will  effects.  However, 

locil  transonic  effects  In  the  1aed1ng-od|e  reflon  evidently  play  an  Increasingly  doalnint  role  In  the 
stall  process  at  N  •  0.2S  and  above,  where  the  ■axloui  lift  starts  to  oonotonlcally  decrease  with 
Increasing  H.  It  Is  InUresUng  to  note  that  aost  of  the  Broup  4  data  are  only  slightly  below  the  data 

froa  Groups  1-3  at  K  >  0.4,  and  the  scatter  In  this  reglae  is  surprisingly  saall. 


0  .2  .4  .6  .8 

MACH  NUMBER 


ng.  H,  Maximum  lift  vs.  Mach  number;  oil  dots,  2  >  10*  *  Hs  <  10^. 


t.  Shoefc-Wave  Position 

As  noted  In  the  Introduction,  there  Is  so  little  overlap  In  the  specific  transonic  test  conditions  of 
the  ayriad  experlacnts,  that  aost  coMiarlsons  are  necessarily  Halted  to  force  and  noaent  data.  However, 
sow  Interesting  coaparlsons  can  be  aide  of  the  neasured  shock-wave  positions,  as  this  quantity  appears  to 
be  particularly  sensitive  to  wall -Interference  effects  and  to  errors  In  Hach  nuaber. 

Data  froa  17  experlaents  at  M  •  0.80  and  a  -  0  are  plotted  In  Fig.  IS,  where  X,  Is  defined  as 
the  approxiaate  aldpoint  of  the  pressure  rise  across  the  shock  wave.  In  this  figure,  the  open  dlaaond 
syWols  represent  data  obtained  at  sufficiently- large  aspect  ratios  that  side-wall  boundary  layer  effects 
should  be  alnlaal,  and  the  solid  dlaaond  Is  a  data  point  corrected  by  U.  6.  SewiH  In  a  private  coaiunlca- 
tlon  using  his  theoretical  analysis  of  side-wall  effects  [211.  (The  principal  effect  Is  to  Increase  the 
effective  Nach  nuaber  by  about  0.01).  The  squares  denote  experlaents  In  which  the  side-wall  boundary 
layer  was  either  reaoved  or  Us  effect  corrected  for.  The  circles  represent  the  reaalning  sources,  for 
which  no  particular  attention  appeared  to  be  given  to  side-wall  effects. 

The  grouping  of  the  data  In  Fig.  IS  is  Inspired  by  recent  mawrlcal  analyses  [22,231,  which  showed 
the  tendency  of  three-dlaenslonal  viscous  effects  on  airfoils  In  wind  tunnels  to  aove  the  shock  wave  for¬ 
ward  of  Its  two-dlaenslonal  position.  This  explanation  Is  tiaptlng  for  soae  of  the  data  with  unreasonably 
saall  values  of  X.,  but  data  froa  several  other  sources  without  side-wall  treataent  appear  ‘norail.’ 
Neither  does  there  seea  to  be  any  systaaatlc  effect  of  other  factors,  such  as  boundary-layer  trips  or  the 
aiount  of  tunnel  slot  or  perforation  openness.  Although  the  aajorlty  of  the  results  seea  tt  He  between 
X.  •  0.44  and  0.48,  the  overall  scatter  Is  disturbing,  and  the  actual  reason  for  It  reaalns  a  aystery. 
Therefore,  this  Is  yet  another  area  where  the  key  experlaentil  Inforaatlon  that  would  be  valuable  for  CFO 
code  validation  Is  not  satisfactory. 
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- Xi- 04a  ±0.02 

A  Hante  DO  trip 
m  BartlR  with  trip 
#  HhtId  oemoUd  bgr 
^  VldolAB-attr^ 

^  IMobatein,  AB  •  6(  no  ti^ 
lhag,  AR  -  3  -  0;  no  ti^ 

2  Ifdtarttt  Ac  Okuno.  akla-waU  ■uetioo:  no  tr^ 

^  Law^  rtd*  wall  auction,  no  trip 
Ohmon.  «Mo  wall  ■iioUen.  no  trip 
^  Sawall,  Osaa,  occTutod  tor  nv.bj.;  trip 
M  Sawall.  Oslo,  ouraetad  tor  aw.bJ.;  tr^ 

IUnk,  aoUd  walla,  AM.1^  no  tr^ 

Sawyar,  dottad  walla  A^LS;  with  Ac  tr^ 
Thlaiahiina.  Sawnda,  AMtad  walla,  AB«t2;  no  trip 
ifcMmatinmn^TW ,  alotiad  walla  AIM;  no  trip 
mbert,  poroua  walla  no  trip 

Laa  Ac  CNjorak  pcrona  walla  Aftd;  no  trip 
Kraft,  adq^thra  poroua  walla  AIM;  no  trip 
Oratory  k  Vilty,  dottad  walla  AIM.A;  tr^ 

Nanriar  Stoikea  ealailationa  ful^  tuitulent 


LoaRo 

Fig.  IS.  Shocfc-wova  poACUin  vs.  Reynolds numbsr  ot  M  s  0.(0  aid  s  s  0;  all  dota. 


IV.  SIMHRY  AND  CONCLUSIONS 

Results  froa  oore  then  40  two-dloenslonel  wind-tunnel  experinents  have  been  critically  exoslned  and 
analyzed.*  Sadly,  the  scatter  1n  the  total  enseable  of  data  Is  unacceptable  In  the  author's  view,  and  It 
Is  not  readily  apparent  which  of  these  results  are  correct.  It  Is  clear,  however,  that  the  requireaents 
for  flow  quality  and  data  accuracy  set  forth  In  ABARO  Advisory  Report  184  |4|  are  seldos  oet  In  airfoil 
testing. 

The  results  of  this  Investigation  also  suggest  that  no  single  existing  experlwent  Is  adequate  either 
for  defining  the  cowplete  aerodynanlc  characteristics  of  the  NACA  OOU  airfoil,  or  for  validating  CFO 
codes. 

Nevertheless,  the  aggregate  of  available  data  Is  extreiaely  useful.  A  systewatic  screening  process 
has  been  used  to  help  define  the  relative  eerlts  of  the  various  experleents  and  to  filter  considerable 
useful,  quantitative  Infonaatlon  froai  the  confusion.  Correlations  of  key  paraawters  with  Nadi  and 
Reynolds  nuaber  have  also  narrowed  the  uncertainty  In  the  airfoil  section  characteristics  to  acceptable 
levels,  and  the  Judicious  use  of  airfoil  theory  and  nueerlcal  calculations  perwits  extrapolations  to  be 
aude  Into  reglaes  where  hard  evidence  Is  sparse.  This  coadilned  InfonHtlon  serves  three  l^iortant  func¬ 
tions.  First,  It  allows  Individual  experlawnts  to  be  critiqued  with  wore  txmfldencc  than  heretofore; 
second.  It  allows  the  co^lete  NACA  0012  airfoil  characteristics  to  be  estlaated  eore  precisely.  Third, 
the  synthesized  results  presented  In  the  figures  and  equations  can  be  used  .o  establish  the  credibility  of 
Individual  airfoil  facilities. 

On  the  basis  of  both  ooapletcness  and  accuracy,  the  expertpent  of  Harris  (5),  chosen  by  Holst  (Ml  In 
his  recent  validation  exercise  for  viscous  transonic  airfoil  analyses,  eawrges  as  the  eost  satisfactory 


^tabulations  of  the  data  presented  In  this  paper  are  available  fron  the  author  upon  written  request. 
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single  Investigetlon  of  the  oomentloml  HACA  airfoils  to  date.  Harris'  range  of  flax  conditions  Is  not 
nearly  as  ooapleta  as  desired,  and  the  accuracy  of  the  deta  uas  not  evidant  a  priori,  as  lift- Interference 
corrections  on  the  order  of  ISX  uere  proposed  for  the  angles  of  attack.  Houaver,  the  present  study  Indi¬ 
cates  that  Harris'  estlawtes  of  this  phenoaenon  are.  In  fact,  adequate,  at  least  for  low  angles  of  attack, 
and  that  aost  other  anjor  sources  of  errors  were  alnlalxed.  On  the  other  hand,  the  author  Is  persuaded  by 
the  arguaents  of  Hr.  M.  6.  Sewall  (211  that  soae  tide-aall  boundary-layer  Interference  existed.  Therefore. 
It  Is  strongly  recoaaended  that  this  be  corrected  for  before  using  Harris'  data  for  CFO  code  validation. 

As  discussed  In  Section  III,  the  values  of  lift-curve  slope  and  alnlatf  drag  In  subsonic  flow  can  now 
be  established  with  high  confidence  In  the  Reynolds  nutter  range  10”  <  Re  <  3  «  10'.  The  behavior  of 
these  key  quantities  can  also  be  estlaated  turtaighout  the  transonic  reglae  and  up  to  Tow  supersonic  Mach 
nunbers.  but  with  rapidly-deteriorating  confidence  above  M  •  0.8.  The  Issue  of  self-induced  oscillations 
and  the  possibility  of  negative  values  of  C,  In  the  range  0.85  <  N  <  0.90  need  further 
Investigation.  A  better  definition  of  the  bwavlor  at  and  above  M  •  1  would  be  useful  for  CFD  code 
validation. 

The  variations  of  with  M  and  Re  can  now  be  specified  with  a  noderate  degree  of  confidence, 

and  the  data  froai  nost  of  ui  available  sources  are  surprisingly  consistent  above  H  •  0.4.  This  conclu¬ 
sion  appears  to  contradict  folklore,  conventional  wlsdoa,  and  recent  nuaerlca!  studies  of  wall 
Interference. 

On  the  other  hand,  the  behavior  of  the  naxlnun  llft-to-drag  ratio  and  shock-wave  position  Is  not 
nearly  as  well  defined,  and  both  these  quantities  appear  to  be  particularly  sensitive  to  wind-tunnel  wall 
effects  and  turbulence.  Therefore,  additional  studies  under  carefully-controlled  conditions  are  strongly 
recoaaended.  It  Is  also  suggested  that  both  of  these  quantities  would  be  especially  laportant  criteria 
for  CFO  code  validation.  If  they  could  be  reliably  established  by  well-docuaented  experinents. 

Finally,  the  results  of  this  Investigation  Indicate  that  KasureaKnts .  corrections,  and/or  treataents 
for  all  four  walls  of  the  test  section  are  essential  for  any  reasonably-sized  nodel  under  transonic  flow 
conditions.  Although  results  froai  soae  facilities  appeared  to  suffer  aore  than  others  froa  wall- 
interference  effects,  no  facility  that  failed  to  address  the  potential  probleas  on  all  four  walls  provided 
data  that  could  be  judged  entirely  satisfactory. 


V.  ACKMOULEOGEMENTS 

The  author  Is  extreaely  grateful  to  the  aany  people  who  generously  shared  stiailating  Ideas  and 
Insights,  background  Inforaatton,  reference  sources,  and  unpublished  results  during  the  course  of  this 
Investigation.  The  aanifold  contributions  of  Hssrs.  Charles  Ladson  and  WllUaa  Sewall  of  NASA-Langley, 
Including  extensive  unpublished  data,  were  truly  Invaluable.  Grateful  acknowledgeaent  It  also  extended  to 
Or.  Terry  Holst  of  HASA-Awes,  Hr.  Frank  Harris  of  8e11  Helicopter  Textron,  and  Hr.  Ray  Prouty  of 
HcOonnell-Oouglas  Helicopters,  for  their  helpful  cotaaents,  suggestions,  and  unpublished  Inforaatlon.  Hr. 
Lars  Oltsan  of  the  Rational  Aeronautical  Establlslaent  and  Hssrs.  B.F.L.  Haaond  and  T.E.B.  Bateaian  of  the 
Aircraft  Research  Association,  Ltd.  provided  Mach-nuadier  corrections  and  other  useful  InforMtIon  concern¬ 
ing  their  respective  facilities.  Also,  Hssrs.  Lewrence  Green,  Clyde  Guatert,  and  Perry  Mewwan  of  MASA- 
Langley,  Herr  0.  Althaus  of  the  Universitat  Stuttgart.  Prof.  Siegfried  Wagner  of  Universitat  der 
Bundeswehr  HUnchen,  Hr.  Kazuaki  TakashlaM  of  the  Hetlonal  Aerospace  Laboratory,  and  Ms.  Mary  Berchak  of 
Ohio  State  University  kindly  provided  explanations  and  tabulations  of  unpublished  data,  and  their  generous 
assistance  Is  deeply  appreciated. 

VI.  REFEREIKCS 

1.  McCroskey,  H.  J.  ’Technical  Evaluation  Report  on  'AGARO  FDP  Synposluai  on  Applications  of  Coagiuta- 
tlonal  Fluid  Dynaalcs  in  Aeronautics.”  AGARO  Advisory  Report  Mo.  240,  1966. 

2.  HcCroskey,  H.  J.  'Round  Table  Discussion  on  'Hall  Interference  In  Hind  Tunnels.”  AGARO  Conference 
Proceedings  335,  Hay  1982. 

3.  Abbott,  1.  H.,  and  von  Doenhoff,  A.  E.  Theory  of  Hina  Sections.  Including  a  Si—arv  of  Airfoil  Data. 
Dover  Publications,  Hew  York,  1959,  pp.  124-187. 

4.  Stelnie,  F.,  and  Stanewsky,  E.  ’Hind  Tunnel  Flow  Quality  and  Data  Accuracy  Requlreawnts.*  AGARO 
Advisory  Report  184,  1982. 

5.  Harris,  C.  0.  ’Two-Olaenslonal  Aerodynaaric  Characteristics  of  the  HACA  0012  Airfoil  In  the  Langley 
8-Foot  Transonic  Pressure  Tunnel,’  RASA  TH  81927,  April  1981. 


6.  Vidal,  R.  J.,  Catlln,  P.  A.,  and  Chudyk,  0.  H.  ’T«o-01aens1onal  Subsonic  Experlacnts  with  an 
HACA  0012  Airfoil,*  Calspan  Corporation  Report  Ho.  RK-S070-A-3,  1973;  also.  Paper  Mo.  11,  AGNID  Conference 
Proceedings  CP-174.  Oct.  1975. 


i*-' jPr ■  - 

„  .t..;  .jj ' '  y 


;0:  V  ■  f  . 


1-15 


7.  Green,  L.  L.,  end  Neewn,  P.  A.  ‘Trensonic  Hell  Interference  Assessaent  and  Corrections  for  Airfoil 
OeU  froa  the  0.3b  Ta  Adaptive  Hall  Test  Section,*  AIAA  Piper  87-1431,  1987. 

8.  Saqwr,  Mrs.  J.  ‘Results  of  Tests  on  Aerofoil  N102/9  {NACA  0012)  In  the  A.R.A.  Two-D1aen$1ona1 
Tunnel,*  Aircraft  Research  Associates  Model  Test  Rote  H102^,  1979. 

9.  Scheltle,  H.  *Messre1hen  zur  BestlaainR  statlonarer  Prof 1 ibeliaerte  der  Profile  NACA  0012,  Hl-Tb  und 
H3-Tb,*  Inst,  fur  Uiftfahrttechnik  und  Lelchtbau,  Universitit  der  Bundesuehr  Hiinchen  Institutsbericht 
Nr.  87/2,  1987:  also  private  coBBinlcatlons  froa  S.  Hapner,  1987. 

10.  Ladson,  C.  L.  *Two-01aens1ona1  Airfoil  Characteristics  of  Four  NACA  6A-Ser1es  Airfoils  at  Transonic 
Mach  Nuahers  up  to  1.25,*  NACA  RM  LS7F0S,  1957. 

11.  McOevItt,  J.  B.  *A  Correlation  by  Means  of  the  Transonic  Slatlarlty  Rules  of  the  Experlaental ly 
Oetemlned  Characteristics  of  a  Series  of  Syiaetrlcal  and  Caabered  Uinps  of  Rectanpular  Planfora,*  NACA 
TR  1253,  1955. 

12.  Prouty,  R.  ‘Aerodynaalcs,*  Rotor  t  Hing  International,  Aug.  1984,  pp.  17-22;  also  private  ccnaunlca- 
tlons  1982,  1984,  and  1987. 

13.  Feldaan,  F.  K.  ‘Untarsuchung  von  syaMtrlschen  Tragflugelprofllen  bel  hohen  Unterschallgeschwlndlg- 
kelten  In  elnea  gaschlossenen  Uindkanal.*  Mlttellungen  aus  den  Institut  fur  Aerodynaalk,  No.  14,  A.  G. 
Gebr.  Laeaan  8  Co.,  2ur1ch,  1948. 

14.  McCroskey,  M.  J.,  8aeder,  J.  0.,  and  Bridgeaan.  J.  0.  ‘Calculation  of  Helicopter  Airfoil  Characteris¬ 
tics  for  High  Tip-Speed  Applications,*  J.  Aaerican  Helicopter  Soc.,  Vol.  31,  No.  2.  pp  3-9,  April  1986. 

15.  Levy,  L.  L. ,  Jr.  ‘Experlaental  and  Coaputattonal  Steady  and  Unsteady  Transonic  Flows  about  a  Thick 
Airfoil,*  AIAA  Journal,  Vol.  16,  No.  6,  pp.  564-572,  June  1978. 

16.  Holst,  T.  L.  ‘Viscous  Transonic  Airfoil  Uorkshop  -  Coapendlun  of  Results,*  AIAA  Paper  87-1460,  1987. 

17.  Crane,  H.  L.  and  Adan,  J.  J.  *U1ng-F1ow  Investigation  of  the  Characteristics  of  Seven  Unswept, 
Untapered  Airfoils  of  Aspect  Ratio  8.0,*  NACA  RM  L51D24a,  1951. 

18.  Oaley,  8.  N.  and  Oick,  R.  S.  ‘Effact  of  Thicknesa,  Caaber,  and  Thickness  Distribution  on  Airfoil 
Characteristics  at  Mach  Nuabers  up  to  1.0,'  NACA  TN  3607,  1956. 

19.  Hoemer,  S.  F.  Fluld-Dvnaalc  Drea.  published  by  the  author.  Midland  Park,  N.J.,  1965,  pp.  17-7 
U  17-12. 

20.  Hoemer,  S.  F.  and  Sorst,  H.  V.  Fluid  Ovnaalc  Lift,  published  by  Mrs.  L.  A.  Hoemer,  Brick  Town, 

N.J.,  1975,  pp.  2-12  to  2-14. 

21.  Scwall,  U.  G.  ‘Effects  of  Sidewall  Boundary  Layers  In  Two-Olaenslonal  Subsonic  and  Transonic  Hind 
Tunnels,*  AIAA  Journal,  Vol  20,  No.  9,  pp.  1253-1256,  Sept.  1982;  also  private  coaaunlcatlons  1985,  1986, 
and  1987. 

22.  Obayashi,  S.  and  kuiMhara,  K.  'Navler-Stokes  Slaulatlon  of  Side-Hall  Effect  of  Two-Olaenslonal  Tran¬ 
sonic  Hind  Tunnel,*  AIAA  Paper  87-037,  1987. 

23.  Obayashi,  S.  and  Nuwahara,  K.  ‘Side-Hall  Effect  for  a  Uing  at  High  Angle  of  Attack,*  AIAA 
Paper  87-1211,  1987. 


1-16 


Table  1.  NACA  0012  -  Siflwary  of  Experiments  —  Group  1 


SOURCE 

MACH  Re  (10*)  TRIP  ? 

range  range  Xt 

TUNNEL  CHAR. 

REMARKS 

1.  Abbott  et  al.; 

Langley  LTPT 

data  available: 

;  0.07-0.15  0.7-26  yes  t  no 

•Std.  R* 

Cs.  C...  Cg.  (L/0),^.  C,^_^ 

solid  walls 

AR  -  0.75-6 
h/c-  1.9-15 

linear  wall  corrections: 
very  low  turbulence; 
excessively  thick  trip; 
possible  minor  side-wall 
boundary- layer  effects 

2.  Ladson; 
Langley  LTPT 

data  available: 

0.07-0.36  0.7-19  yes  &  no 

Xt-O.05 

Cf  Cm.  Cg.  (L/0).„,  C.^_^ 

solid  walls 

AR  >  1.5 
h/c  -  3.8 

linear  wall  corrections; 
very  low  turb.  at  low  M; 
possible  minor  side-wall 
boundary-layer  effects 

3.  Gregory  and 
O'Reilly; 

0.08-0.16  1.4-3  yes  6  no 

solid  Malls 

AR  -  3.6 

linear  wall  corrections; 
with  &  w/o  side-wall 

NPL  13'x9' 

data  available: 

varying 

Cf  S'  (C/0)max. 

h/c  •  5.2 

boundary-layer  control 

4.  Green  t  Newman;  0.5  -  0.8  9  yes 

Langley  0.3m  TCT 

Xt  •  0.05 

data  available;  C^  ,  C^  (low  a  only) 

0 

adaptive  walls 
AR  •  2 
h/c  •  2 

four-wall  corrections; 
moderate  turb.  level 

References  for  Table  1: 


la.  1.  H.  Abbott  and  A,  E.  von  Ooenhoff:  Theory  of  Wing  Sections.  1959. 

lb.  A.  E.  von  Ooenhoff  and  F.  T.  Abbott,  Jr.;  NACA  TN  1283,  1947. 

lc.  C.  C.  Crfttos,  H.  H.  Heyson,  and  R.  W.  Boswlnkle,  Jr.:  NACA  TM  3361,  1955. 

2.  C.  L.  Ladson:  NASA-Lansley,  private  communication. 

3.  M.  Gregory  and  C.  L.  O'Reilly:  NPI.  Aero  Report  1308  (ARC  31  719),  1970. 

4.  L.  L.  Green  and  P.  A.  Newman;  AIAA  Paper  87'1431,  1987,  and  private  coeatunlcatlons. 


Table  2  -  SunBsry  of  Experiments  —  Group  2 


SOURCE 

HACK  Re  (10^) 

range  range 

TRIP  ? 

Xt 

TUNNEL  CHAR. 

REMARKS 

5.  Harris: 
Langley  8'  TPT 

0.3  -  0.86  3-9 

yes  &  no 

Xt-0.05 

slotted  walls 
AR  .  3.4 
h/c  -  3.4 

large  a  corrections; 

possible  side-wall  boundary 
effects  on 

data  available: 

*-n‘  *-m'  ^d*  S’  ^'•/®^max’ 

X.p  llmiteo  C, 

^  ^max 

6.  Goethert; 

OVL  2.711  W.T. 

date  available: 

0.3  -  0.85  2-6 

*-!•  S*  *-d*  ^p 

no 

solid  walls 

AR  -  2.6 
h/c  ■  5.4 

wall  and  end-plate  corrections; 
turbulence  level  »IX; 
some  flow  asynmetry 

7.  Sheldahl  t  Kllmas  0. 1-0.2  0.35-1.8 

Hichita  St.  7'xlO' 

data  available:  Cp,  Cj,  (L/O),,,;,,  C^^ 

no 

solid  walls 

AR  •  2.4-6 
h/c.  5.6-15 

linear  wall  corrections; 
some  flow  asyanetry; 

0  <  o  ‘  180 

8.  McCroske^p  et 
Ames  7'xlO'  No. 2 

al  0.1-0. 3  1-4  yes  &  no 

Xt  -  0.01 

solid  walls 

AR  -  3.S 

h/c  =  5 

linear  wall  corrections; 
continuous  dynamic  data 

data  available: 

C,.  C.,  limited  Cj.  Cp,  (L/0)„, 

9.  Bevert;  Poisson  0.06-0.11  1.1-2. 2 

Quinton  t  de  Slevers; 

Sl.Ca  3M 

no 

solid  walls 

AR  .  1.3 
h/c  .  4 

linear  wall  corrections; 

Tu  <  0.2X 

data  available: 

S-  S.  S’  S.  (L/0)„,, 

c^ 

*max 

10.  Wortmann  &  0.07-0.17  0.3-2. 5 

AUhaus;  Techn. 
llochs.  Stuttgart 

Lam.  W.T. 

no 

solid  walls 

AR  •  1.5-3 
h/c-  5.5-11 

s1iie-wa11  suction; 
very  low  turbulence 
early  C,  suspect 
a 

data  available: 

Deferences  for  Teble  2: 


5.  C.  0.  Harris:  NASA  TM  81927,  April  1981. 

6.  8.  H.  Goethert:  DACA  IM-12A0,  19A9:  *«t.  Res.  Council  (Cenada)  TT-27,  TT-31,  TT-38,  19A7: 
DAE  TN  Aero  1684,  1945. 

7.  R.  E.  Sheldahl  and  P.  C.  Kllmas:  Sandla  Nat.  Labs  Report  SAND80-2114,  1981. 

8.  H.  J.  McCroskey,  k.  H.  McAlister,  L.  M.  Carr,  and  S.  L,  Pucci:  NASA  TM  84245,  1982. 

9a.  A.  Bevert:  ONERA  Ooc.  76/1157. AN,  1972. 

9b.  PH.  Polsson-Quinton  and  A.  de  Slevers:  AGARD  CP-22,  Paper  No.  4,  1967. 

10a.  F.  X.  Wortmann:  AGARD  CP-102,  1972. 

106.  0.  Althaus;  Instltut  fur  Aerodyn.  and  GasdynMlk,  Stuttgart,  private  communication,  1987. 
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Ttble  3  -  SuBMry  of  ExperlKnts  —  Group  3 


SOURCE  MACH 

range 

Re  (10*) 
range 

TRIP  ? 
Xt 

TURREL  CHAR. 

REMARKS 

11.  Bemard-Guelle;  0.325 

ORERA  Rl.Ch 

data  available:  Halted  C^.  C|,. 

3.5 

Cd 

no(?) 

solid  walls 

AR  «  0.67 
h/c  -  3.3 

side-wall  suction,  care¬ 
ful  study  of  side-wall 
effects 

12.  Sawyer:  0.3  -  0.85  3  -  6  yes  6  no 

ARA  8‘xl8’ 

Trans.  W.T.  Xt-0.07 

data  available:  C,.  C^.  Cp.  (L/0)^. 

slotted  walls 
AR  -  1.6 
h/c  -  3.6 

a,  M,  and  curvature 
correctluns;  poss. 
side-wall  boundary 
layer  effects 

13.  Vidal  et  a1.  0.4  -  0.95 

CALSPAR  8' 

data  available:  C,,  C,.  C^.  Cp. 

1 

<L/‘»«IX. 

yes 

xt-O.l 

United 

porous  walls 

AR  -  8 
h/c  -  16 

C,  ,  Xj 
‘nax  ' 

thick  transition  strips; 
slight  flow  angularity; 
nininun  Interference 

14.  HcOevItt  6  0.72  -  0.8  2  -  12  no 

Okuno; 

Aaes  Hl-Re  Channel 

data  available:  C^  ,  Cp.  Xj  (low  a  only) 

solid  walls 

AR  -  2 
h/c  •  3 

contoured  walls,  wall 
pressure  neas.; 
side-wall  suction; 
unsteady  neasurenents 

15.  GuiRiert  t  0.7  -  0.8 

Rewaan; 

Langley  0.3i  TcT 

3-9 

yes  &  no 

Xt-0.05 

slotted  walls 
AR  -  1.3 
h/c  -  4 

tj  corrected: 
side-wall  boundary- layer 
corrections 

deu  available:  C,  ,  (low  < 

«  only) 

16.  Takashlaa,  0.6  -  0.8 

Sawada  et  a1. 

RAL  Transonic  M.T. 

4-39 

no 

Slotted  walls 
AR  -1.2-2 
h/c  -  4  -  6.7 

wall  pressure-rail  neas.; 
poss.  side-wall  b.1. 
effect  on  shock  position; 

data  available:  C^,  C^,  Cp,  X, 

(IM  0  only) 

17.  Sewall;  0.3-0.83 

Langley  6*  x  28* 

(revised) 

4-9 

yes  i  no 

Xt<0.06 

Slotted  walls 
AR  -  1  -  2 
h/c-  4. 7-9. 3 

a  and  side-wall 
b.l.  corrections 

data  available:  Cj,  C^,  Cj, 

18.  Lowe  0.63-0.82 

General  uyn.  Hl-Re 

20  Test  Sect,  HSRT 

15-38 

no 

perfor.  walls 
AR  -  1 
h/c-  4 

22X  perforation,  side-wall 
suction; 

uncertain  a  corr. 

data  available;  C^,  C^,  Cp,  Xj 

19.  Jepson;  0.3  -  0.9 

LIzak;  Carta; 

UTRC  8' 

2-6 

no 

solid  walls 
AR-  1. 7-5.8 
h/c-4.7-5.8 

linear  wall  corrections; 
Multiple  entries;  various 
Models  and  end  plates 

data  available;  C,,  Cp,  C^,  Cp, 

(L/0)p,,. 

^ax- 

i 

20.  Hang  et  a1.  0.7  -  0.9 

Chinese  Aero.  Inst. 

Transonic  H.T. 

-3(7) 

yes 

Xt-0.06 

perfor.  walls 
AR-  3.2-6. 4 
h/c-2.6-5.2 

porosity  adjusted  for 
nin.  Interference 

data  available;  United  C,,  Cp 

Reforonces  for  T«blo  3; 


11.  R.  Bemard-Guelle:  Uth  Applied  Aero.  Colloq..  ENSMA/CEAT  (RASA  n-F-1725S),  197S;  Also 
J.  P.  ChevAlller:  ORERA  TP  1981-117,  1981. 

12.  Mrs.  J.  Satqrer:  Aircraft  Research  Associates  Mode!  Test  Rote  M102/9,  1979. 

13.  R.  J.  Vidal,  P.  A.  Catlln,  and  D.  U.  Chadyk:  Calspan  Corporation  Report  Ro.  RK-5070-A-3,  1973. 

14.  J.  B.  NcOevItt  and  A.F.  Olcuno:  RASA  TP  2485,  1985. 

15.  C.  R.  Guatert  and  P.A.  Rewaan:  AIAA  paper  Ro.  84-2151,  1964. 

16a.  H.  Sawada,  S.  Sakakibara,  H.  Satou,  and  H.  Kanda:  RAL  TR-829,  1984. 
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Tabic  3  -  Concluded. 


16b.  K.  TakashlBc:  ICAS  Paper  82-S.4.4.  1982. 

16c.  K.  Takashlaa:  National  Aerotpace  Lab,  alto  private  coaBinlcatlans,  1985  and  1987. 

17.  H.  6.  Sewall:  NASA  TM  81947,  1981.  alto  private  coaunicatlont  1985.  1986,  and  1967. 

18.  H.  H.  LoHe:  General  OynMict  Report  HST-TR-74-1.  1974. 

19a.  H.  D.  Jepton:  Slkortky  Report  SCR-50977.  1977. 

19b.  A.  0.  St.  Hilaire,  et  a1:  NASA  CR-3092.  NASA  CR-14S350.  1979. 

19c.  U.  H.  Tanner:  NASA  CR-IU,  1964. 

19d.  A.  A.  Lizak:  Arpy  Trent.  Ret.  Coat.  Report  60-53,  1960. 

20.  S.  Mang,  Y.  Cben,  X.  Cul,  and  8.  Lu:  prctantatlon  to  SIno-U.S.  Joint  Syapotlua  on 
*FundaMntt1  Experlaental  Aerodynaalct.*  NASA-Langley.  1987. 


ary  of  Experlacnti  —  Group  < 


SOURCE 

MACH 

Re  (10*> 

TRIP  7 

range 

range 

Xt 

21.  Sewell; 

0.58  -  0.92 

3-4 

yes 

LaRC  b’xW 

Xt-0.06 

date  available:  C„  ,  Xj 


tiotted  walls 
AR  -  1 
h/c  -  3.2 


22.  Noonan  t 

Blnghaa;  Ladson; 
LaRC  6‘x26‘ 


0.35  -  1.0  1-10  yet  6  no  slotted  walls 

AR  •  1.0 
Xt  -  0.1  h/c  -  4.7 


data  available:  C„.  C,.  Cj.  Cp.  (L/0)^,.  X^ 

23.  Ohnan,  et  a1;  0.5  -  0.93  17-43  iio 

NAE  S'  X  5' 

with  20  Insert 

data  available:  Cp,  Xj  at  a  •  0 

24.  Thibert.  et  t1;  0.3  -  0.83  1.9-4  no 

ONERA  S3.Mt 

data  available:  ^d*  ^p* 

25.  Scheme  t  0.36  -  1.6  3  -  10  no 

Nagner;  TUT  Miinchen 

Univ.  Bundeswehr 

data  available:  C,^.  (L/0)„,. 

26.  Jepson;  0.3  -  1.08  2  -  5  no 

NSROC  7'xlQ' 

data  available:  C,,  C,,  C^,  (L/0),ipx, 

27.  Lee,  et  a1;  0.2  -  1.06  2  -  12  iio 

Ohio  State  6'»2Z" 

Trans.  Airf.  Facll. 


porous  walls 
AR  •  1.3 
h/c  ■  5 


porous  walls 
AR  -  2.7 
h/c-  3.7 


slotted  walls 
AR  -  1.5 
h/c  -  3.4 


slotted  walls 
AR  -  7.5 
h/c  -  5.3 


porous  walls 
AR  •  0.5  -  2 
h/c-  0.9-7. 1 


data  available:  C^,  C,.  C^,  (L/D),ipy.  X,,  United  Cp 

28.  Prouty;  0.34-0.96  3  -  7  no  slotte 

lAC  15*x48'  AR  - 


slotted  walls 
AR  -  1.5 
h/c  -  4.6 


data  avalittle:  C,,  C,.  Cj.  (L/0)„^.  C,^ 

29.  Gregory  6  0.3-0.85  1.7-3.8  yes 

Ullby; 

NPL  36«xl4*  Xt-0.0? 

dau  available:  C,,  C,,  C^,  Cp,  (L/0)^,  C^,  X, 


slotted  walls 
AR  -  1.4 
h/c  -  3.6 


data  corrected  for  thick 
side-wall  boundary 
Interference  but  not 
lift  Interference 

a  corrected: 
side-wall  b.1.  effects  on 
shock  position  and  C^ 


20X  porosity; 
side-wall  suction; 
data  slightly  asynaetric; 
Mach  No.  corrected  herein 


large  wall  corrections,  but 
wall  press.  Measured; 
thick  side-wall  b.l. 


suction  on  all  four  walls, 
variable  with  M  to 
natch  other  facilities; 
noderate  turb.  level 


lavge  lift  Interference 


Independent  plenuns  for 
top  and  botton  walls 


large  lift  Interference; 
poss.  side-wall  boundary 
layer  effects; 
sane  flow  asynnetry 


probable  wall  effects 
on  all  data 
fairly  large  roughness 


Table  4  -  Concluded. 


30.  Kraft  1 
Parker: 

AEOC  1-T 

data  available: 

0.8  -  0.9  2.2  no 

Cp. 

adaptive  walls 

AR  -  2 
h/c  -  2 

variable  porosity  and 
hole  angle; 

no  side-wall  treataent 

31.  Triebstein; 
OFVLR  la  TWT 

data  available: 

0.5  -  1.0  1-3  no 

'*S‘  S 

porous  walls 

AR  -  5 

h/c  -  5 

no  corrections  applied; 
unsteady  aeasureeents 

32.  Ladson; 

LaRC  6"k19' 

0.5  -  1.1  1.5-3  no 

slotted  walls 
AR  -  1.5 
h/c  ■  4.8 

a  corrected  for  lift 
Interference  but  not 
side-wall  boundary  layer 

data  available; 

Cp,  C,.  Cp,  surface  oil  flow,  schlleren 

33.  Ladson; 

LaRC  ATA  4“x19‘ 

data  available: 

0.8  -  1.25  2.7  no 

Cn 

slotted  walls 
AR  °  1.0 
h/c  -  4.8 

no  corrections  applied 

References  for  Table  4; 


21.  W.  G.  Sewall:  AIM  Journal,  Vol  20.  Mo,  9,  pp  1253-1256,  1982;  also  private  coanunlcatlons 
1985,  1986,  and  19S7. 

22a.  K.  W.  Noonan  and  6.  J.  B1n(|bae:  NASA  TM  X-73990,  1977. 

22b.  K.  W.  Noonan  and  G.  J.  Binghae;  NASA  TP-1701,  1980. 

23.  J.  Thtbert,  H.  Grandjacques,  and  L.  OI«Mn:  AGARO  AR'138,  Ref.  Al,  1979;  also  private 
coaaaunlcatlon  from  L.  Olaaan,  1987. 

24.  J.  Thlbert,  M.  Grandjacques.  and  L.  Ohaan:  AGARO  AR-13S.  Ref.  Al,  1979. 

2Sa.  H.  Scbeltle:  Inst,  fur  Luftfahrttechnik  und  Lelchtbau,  Universitat  der  Bundeswehr  Hunchen 
InstUutsberIcht  Nr.  87/2,  1987, 

2Sb.  S.  Wagner:  Universitat  der  Bundesuehr  Munchen,  private  cooaunlcatlons,  1987. 

26.  W.  0.  Jepson:  Sikorsky  Report  SER- 50977,  1977. 

27a.  J.  0.  Lee,  G.  M.  Gregorek.  and  K.  0.  Korkan;  AIAA  Paper  No.  78-1118,  1978. 

27b.  M.  J.  Bercbak  and  G.  M.  Gregorek;  Ohio  State  University,  private  comaunlcatlons,  1987. 

28.  R.  Prouty:  "Aerodynaailcs,*  Rotor  I  Wing  International,  Aug.  1984,  pp.  17-22;  also  private 
coaMinlcatlons  1982,  1984,  and  1987. 

29.  N.  Gregory  and  P.  G.  WIlby:  ARC  CP-1261  (NPL  Aero  Report  017),  1973. 

30.  E.  M.  Kraft  and  R.  L,  Parker.  Jr.:  AEOC  Reports  TR-79-51,  1979,  TR-60-63,  1981. 

31.  H.  Triebstein:  J.  Aircraft,  Vol.  23.  No.  3.  pp.  213-219,  1986. 

32.  C.  L.  Ladson:  NASA  TO  0-7182.  1973. 

33.  C.  L.  Ladson:  NACA  RM  L57E05.  1957. 


J 


Table  5  -  Experlaenta  exaalned  but  not  used  —  Group  S 


34.  J.  Stack  and  A.  E,  von  Ooenhoff:  MCA  Report  4»2,  1934  (MSA-Lang1ey  11*  HST;  solid  walls,  severe 
blockage  effects). 

IS.  R.  Jones  and  0.  H.  W1l11ans:  ARC  RAM  1706,  1936  (NPL  Coepressed  Air  Tunnel;  effects  of  surface 
roughness  and  Re  on  wings;  AR  •  6). 

J6.  E.  N.  Jacobs  and  A.  SherMn:  MCA  Report  566,  1937.  and  Report  669,  1939  (MCA-Langley  VDT;  AR  •  6; 
high  turbulence  level). 
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Und«r  th«  auspices  of  OARTBUR  (Group  for  Aoronautical  Raaaarch  and  Technology  in  Europe) 
an  international  research  prograoeM  was  carried  out  in  order  to  iinprove  design  methods 
for  threedi swnslonal  configurations  in  transonic  flow  and  to  increase  the  confidence  in 
windtunnel  data.  The  selected  configuration  «fas  the  0PVLR-P4  wing-body  cos^ination  incor¬ 
porating  a  transonic  wing  of  high  aspect  ratio  and  a  fuselage  of  Airbus  type. 


This  paper  deals  with  the  experimental  part  of  the  exercise^  Where  the  same  model  of  the 
above  mentiMted  configuration  «ras  tested  in  three  European  transonic  windtunnelsi  H8T  of 
MLR*  82MA  of  OMBRA  and  8ft  x  8ft  of  RAB.  The  tests  followed  an  agreed  test  programse 
cosg^rised  force  and  moment  measureMnts  as  well  as  measurements  of  pressure  distribution 
on  wing  and  fuselage.  Selected  test  results  from  the  three  windtunnels  will  be  compared* 
the  main  emphasis  of  the  discussions  being  placed  on  the  comparison  of  results  frcM  dif¬ 
ferent  windtunnels  on  physically  the  same  model.  The  results  show  that  the  data  of  the 
three  windtunnels  are  in  reasonable  agreement*  although  the  severe  accuracy  requirements 
of  industry  for  judging  performance  data  from  different  windtunnels  could  not  be  met. 
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leading  edge  sweep 
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L  length  of  fuselage 

D  diameter  of  fuselage 

M  freestream  Mach  nuid»er 

a  angle  of  attach 

Re  Reynolds  number  based 
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cx,  lift  coefficient 
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local  wing  chord  ch 

aerodynamic  mean  chord 


pitching  moment 
coefficient  with 
reference  to  M2 5 
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relative  local  wing 
thickness 
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spanwise  coordinate 


cp  drag  coefficient 

'lR-Omb'^DB  coafficient*  of 

fuselage  alone 


n  ■  y/s*  ETA  dimensionless  spanwise 

coordinate 

x/c  dimensionless  chordwise 

coordinate*  origin  at 
the  leading  edge 

A  •  b^/8  aspect  ratio  of  wing 

X  taper  ratio 
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coefficients  of  wing 
alone 


C||  local  normal  force 

coefficient 


Cb  local  pitching  moment 

coefficient 


Cp  static  pressure 

coefficient 


In  the  1850  AOARD  selected  a  number  of  calibration  models  in  order  to  compare  results  of 
different  transonic  and  supersonic  windtunnels  [l].  As  these  models  hardly  exhibit  a 
sisdlarity  with  transport  aircraft  a  simple  configuration  of  this  type  was  proposed  by 
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OHBRA  [  2]  In  1970.  Thin  aodnl  wnn  ehonnn  an  enllbrntlon  BOdal  and  had  bann  tented  In 
varloua  tranaonlc  wlndtunnela  ell  over  the  world  [3].  An  the  accuracy  and  quality 
requlreeanta  of  the  aircraft  Induntry  on  wtndtunnal  reaulta  have  become  more  demandinq  In 
the  recent  yearn,  mainly  due  to  a  aevara  competition  In  coanwrclal  aircraft  production, 
the  need  for  further  Inveatlgatlona  In  thin  direction  on  a  configuration  more  almllar  to 
a  current  aubaonlc  tranaport  aircraft  wan  felt  to  be  naceaaary. 

Thun,  In  order  to  Improve  tranaonlc  dealgn  methoda  for  three  dlmenalonal  configurations 
and  to  Increaae  confidence  In  wlndtunnel  data,  a  cooperative  aerodynamic  research  pro- 
grasmw  was  Initiated  under  the  auspices  of  OABTBUR.  In  the  Action  Group  AD(AOOl)  "Wing 
body  aerodynamics  at  transonic  apaeda*  a  aarlas  of  aerodynamic  Investigations  on  a  wing 
body  configuration  had  been  proponed  Incorporating  erperlswntal  Investigations  In  the 
transonic  wlndtunnela  of  KUl,  OtIBM  und  IAS,  as  well  as  ccaqputational  studies  with  the 

I  bast  available  computer  codes  for  threedimensional  transonic  flow. 

I 

I  The  modal  chosen  for  this  exercise  was  the  DFVLR-PS  wing  body  configuration  Incorporating 

'  a  supercritical  wing  of  high  aspect  ratio  and  advanced  design  [4,3].  This  paper 
susnarlxas  the  main  reaulta  of  the  esparlmsntal  part  of  the  OARTEUR  study. 

The  axperlmantal  Inveatlgatlona  on  the  DFVlJt-P4  wing  body  configuration  were  made  In  the 
transonic  wlndtunnela  HUI-R8T  [6],  0HBRA~82MA  [7]  and  RAE-8ft  X  8ft  [8]  following  an 
agreed  test  prograama,  and  coiq>rlse  force  and  moment  measuraswnta,  surface  pressure 
measurements  on  the  wing  as  well  as  on  the  body  contour  and  measurements  for  deriving 
buffet  onset  data  from  rms-values  of  wing  root  bending  moment  and  wing  root  and  tip  acce¬ 
lerometer. 

This  paper  compares  selected  teat  results  from  the  three  wlndtunnela.  In  the  following 
section  the  DfVLR-F4  wing  body  configuration  will  be  described,  followed  by  a  short  des¬ 
cription  of  the  wlndtunnela  and  test  arrangements  used  for  this  exsrcisa.  After  the  dis¬ 
cussion  of  the  test  prograssse  end  presentation  of  the  data  selected  for  comparison,  a 
detailed  discussion  of  the  coivsrlson  between  the  results  will  be  presented.  The  main 
emphasis  of  the  discussion  la  placed  on  the  comparison  of  results  from  different  wlndtun- 
nels  on  nearly  physically  the  same  model  rather  than  on  the  aerodynamic  performance  of 
the  DPVLR-P4  wing  body  configuration. 
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2.  BXPBRIMRHTAL  ARRANGBMBMT 
2.1  Model  Configuration 

The  model  which  was  used  for  the  exercise  In  the  OARTEUR  Action  Group  AD(AGOl)  Is  a  wing- 
body  configuration  (DPVLR-P4)  which  was  designed  and  built  by  DFVLR.  It  reprasants  a 
typical  configuration  of  a  modern  wlde-body  transonic  transport  of  Airbus-type.  Pig.  1 
presents  a  general  view  of  the  modal  Including  tha  main  dimensions. 

The  design  Mach  number  of  the  wing  Is  H  •  0.785  at  a  lift  coefficient  of  cj,  -  0.5.  The 
aim  was  to  achleva  at  tha  design  point  a  nearly  shockfrse  pressure  distribution  on  the 
upper  surface  combined  with  an  elliptical  spanwlse  lift  distribution  [5].  The  wing  sec¬ 
tion  derives  from  that  of  tha  airfoil  DPVLR-R4  [  4  ] .  Tha  wing  surfaces  were  generated  by 
using  a  linear  lofting  procedure  between  four  defining  wing  sections  at  n  ■  0.126  (wing 
coot),  1  a  0.4  (kink  at  tha  trailing  edge),  i)  •  0.7  and  ti  •  1.0  (wing  tip). 

The  main  geometrical  data  of  the  wing  are  as  follows t 
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Tapar  ratio* 
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0.3 
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0.15 
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Wing  Spans 
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1.1754 
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S 

0.1454 

Aarodynanlc  naan  chords 

c 

0.1412 

Tha  shape  of  tha  fuselage  of  the  model  Is  shown  In  a  sldevlew  In  Pig.  2 .  It  is  formed  by 
a  forebody  Including  a  cockpit,  a  cylindrical  part  containing  the  wing  and  an  afterbody. 
Tha  main  dimensions  of  the  fuselage  are  as  follows i 

Length  of  the  fuselagei  L  -  1.192  m 

Fuselage  diameter  of  the 

cylindrical  partt  D  -  0.14842  m 

The  location  of  the  wing  relative  to  the  fuselage  la  Indicated  In  Fig.  1. 


2.2  Model  Construction  and  Measuring  Equipment 

The  wlndtunnel  model  comprises  two  wings  and  a  fuselage  which  can  be  separated  In  the 
vertical  plana  of  symmetry.  These  cos^onents  are  snunted  on  a  central  core  «diloh  also 
contains  tha  housing  for  tha  six-component  force  balance.  The  fuselage  shells  ware  manu¬ 
factured  from  aluminium  alloy  Whereas  the  wings  ars  made  of  steel.  Inside  each  wing  there 
is  a  oavlty  althar  for  pressure  tubes  or  other  equipment  (see  below)  which  Is  covarsd  by 
a  flush-fitting  plats  on  the  lower  surface. 


. 


-  i- 


f 


f 


5 


Concerning  the  ineesurenent  equi{>aMit  the  right  wing  is  equipped  with  252  pressure  ports 
of  0.3  Ml  disaster  at  the  seven  spsnwise  statiMis  n  ■  0.185«  r\  «  0.238,  ^  ■  0.331, 
n  *  0.409,  n  *  0*512,  f|  ■  0.638  and  n  *  0.844.  Bach  statiMi  contains  36  pressure  ports, 
23  on  the  upper  and  13  on  the  lower  surface  (cf.  Fig.  3).  The  left  wing  was  equipped  by 
OHBBA  for  unsteady  aeaaureaeats,  that  is  a  strain  gauge  near  the  wing  root  to  record  the 
wing  root  bending  anasnt  and  two  acceleroasters  to  aeasure  the  noraal  acceleration  at  the 
wing  root  and  near  the  wing  tip. 

The  cylindrical  part  of  the  fuselage  is  provided  with  44  pressure  ports  in  the  vertical 
plane  of  synaetry  equally  spaced  on  the  upper  and  lower  line  of  the  fuselage 
(cf.  Fig.  3). 


3.  TESTS  »  THE  DXFFBEBIIT  MIHDTUmfELS 
3.1  Windtunnels  and  Test  Set-up 

All  three  windtunnels  used  in  this  exercise  are  continuous  running  transonic  facilities 
which  are  well-known  in  Europe.  All  test  sections  are  located  within  a  pressure  shell  and 
the  windtunnels  can  be  pressurised.  Thus,  Ma^  and  Reynolds  nuabers  can  be  varied  inde¬ 
pendently  of  each  other.  Fig.  4  coapares  the  cross-sections  of  the  test  sections  ofi 

NLR  -  H8T>  1.60  a  x  2.00  a 

OlfBRA  -  S2MAt  1.75  a  X  1.77  a 

RAE  -  aft  X  8ftt  2.44  a  x  2.44  a. 

It  is  obvious  that  the  cross-sectional  area  of  the  RAB-8ft  x  8ft  windtunnel  is  nearly 

twice  of  the  area  of  the  two  others.  All  three  windtunnels  have  different  types  of  test 
section  walls I 

HLR-HSTt  slotted  top  and  bottoa  walls  with  12%  open  area  ratio, 

closed  side  walls 

0inSRA-82MA)  perforated  top  and  bottoa  walls  with  6%  porosity, 
closed  side  walls 

RAS-8ft  X  8ft t  closed  walls 


Zn  all  three  windtunnels  the  model  was  mounted  on  a  sting-support;  but  it  was  not  possi¬ 
ble  to  use  the  same  sting  in  all  facilities.  As  shown  in  Fig.  S  WLR-H8T  aad  CWBRA-82NA 
used  a  x-sting  arrangement  of  nearly  the  same  else.  For  tlus  installation  only  minor 
model  modifications  concerning  the  cavity  in  the  afterbody  for  the  sting  and  the  central 
core  with  the  balance  housing  were  necessary.  In  the  ease  of  the  RAB-8ft  x  8ft  tests  a 
central  sting  support  had  to  be  used.  For  this  installation,  a  new  afterbody  and  a 
different  central  core  had  to  be  manufactured,  the  latter  change  being  necessary  because 
of  the  different  diaiMter  of  the  balance  used  by  RAE.  Careful  inspection  of  the  two 
central  cores  ensured  that  the  geometrical  set-up  of  the  models  was  the  same  in  the 
various  facilities. 


3.2  Transition  Fixing  of  the  Boundary  Layer  on  Wing  and  Fuselage 


During  all  measurements  reported  here  the  model  was  equipped  with  transition  strips  on 
wing  and  fuselage.  The  location  of  the  strips  on  the  wing  itself  was  a  result  of  oilflow 
tests  during  the  first  test  series  in  the  ELR-HST  windtunnel.  Extensive  discussions 
within  the  action  group  finally  lead  to  the  strip  location  shown  in  Fig.  6.  This  was  a 
coiqproitise  between  the  need  to  fix  transition  upstream  of  the  shock  over  a  wide  range  of 
Mach  numbers  and  the  requirement  for  a  number  of  test  cases  suitable  for  CFD  assessment 
where  the  boundary  layer  was  not  separated  at  the  trailing-edge  crank. 


On  the  upper  surface  the  strip  location  varies  linearly  from  5%  chord  at  the  wing  root  to 

15%  chord  at  station  4,  near  the  crank,  maintaining  this  value  to  station  7  «  0.844)  i 

and  then  varying  linearly  to  5%  chord  at  the  wing  tip.  On  the  lower  surface  the  strip  is 

located  at  25%  of  chord  everywhere.  } 


On  the  fuselage  the  strip  is  located  15  mm  aft  of  the  nose.  All  strips  have  a  width  of 
2sm  and  were  made  from  carborundum  grits  of  different  sise. 


On  til*  fusalag*  th*  transition  atrip  ranalna  th*  aaa*  during  all  taat*  and  waa  not  ra- 
placad.  It  coap^l*.^  tram  carborundun  of  grad*  K  ISO  (0.069  ami- 

For  th*  wing  It  wa*  dacldad  to  optlaila*  tha  grit  slaaa  of  tha  transition  strip  In  aacfi 
wlndtunnal,  thus  taking  Into  account  dlffaronoas  In  flow  quality  and  wlndtunnal  nolsa. 
Tha  optlailsatlOB  took  plac*.  s^arataly  for  uppar  and  lowar  surfaca,  at  H  •  0.76  and 
ci,  a  0.6  by  datantlnlng  th*  anallaat  grit  ala*  for  tha  atrlpa  which  produced  turbulent 
boundary  layer*  juat  aft  of  th*  atrip. 

In  th*  IILR-B6T  and  OHBRA-62m  wlndtunnal*  tha  affaetlvanaa*  of  th*  atrip*  Mr*  diadiad 
ualng  a  aubllaatlon  technique,  wharaa*  In  RAS-8ft  a  6ft  wlndtunnal  a  tachnlqu*  waa  uaad 
baaad  on  Obaarvatlona  of  th*  variation  of  drag  with  Raynolda  nunbar  at  a  given  lift 
coafflelant. 


ThiM,  thm  following  grit  woro  oood  at  Ro  ■  3*10^i 


uppar  aurfac 

lomr  aurfaea 

NLR-H8T 
0ffERA-S2MA 
RAB-8ft  a  8ft 

K  180  (0.074  mm) 

K  230  (0.060  bm) 

K  220  (0.060  mm) 

K  240  (0.053  mm) 

K  240  (0.053  na) 

K  190  (0.074  aa) 

In  ordar  to  ansura  that  tha  atrlpa  wara  appliad  in  a  conalatant  mannar  thair  application 
waa  auparvlaad  t>y  tha  aacond  author  in  all  thraa  windtunnala. 


3*3  Taat  Prograana 

Tha  windtunnal  taata  wara  carriad  out  aftar  an  agraad  taat  progranaa.  Tha  main  Raynolda 
nuaibar  for  all  taata  waa  Ra  •  3*  10^.  Baaidaa  tha  optlniaatlon  of  tha  tranaitlon  atripa* 
forca  and  pitching  awant  Maaauraaanta  for  tha  conpleta  modal  and  tha  fuaalaga  alona  Y^va 

baan  carriad  out  for  lift  coafficianta  in  tha  ranga  of  0>1  <  C|^  <  Cr _ y.  at  Mach  nuabara 

0.6  <  H  <  0.82.  At  tha  aama  conditiona  luiataady  aaaauramanta  hava  baan  mada  with  tha  aim 
of  aatabliahing  tha  buffat-onaat  boundariaa. 

Praaaura  oMaauramanta  on  fuaalaga  and  wing  hava  baan  carriad  out  at  various  fixad  lift 
coafficianta  of  tha  coi^ilata  modal  for  a  range  of  specified  Mach  nunbera. 

Furthermore  a  limited  number  of  taata  hava  baan  dona  at  a  lower  Reynolds  number  of 
Ra  *  1.5*10^.  In  thia  paper  only  tha  raaults  of  Ra  *  3*10^  will  be  discussed. 


3.4  Data  Bvaluation  and  Conpilation  of  Results 

Bach  astablishisant  reduced  tha  data  to  coefficient  form  aftar  applying  tha  usual  correc¬ 
tions.  These  corrections  differed  from  windtunnal  to  windtunnal  and  are  briefly  suiama- 
risad  hare I 


Correction  applied  to 

HIdR-HST 

OMBRA-S2MA 

RAE-8ft  z  8ft 

anqla  ot  attack 

.  atlng  and  balance  daflactlon 
dua  to  aarodynamlc  loada 

•f 

+ 

+ 

.  upaaah 

4> 

+ 

.  wall  intarfaranca 

-  *) 

♦ 

+ 

Mach  number 

.  wall  intarfaranca 

-  •> 

+ 

draq  coafficiant 

•  buoyancy  drag 

♦  .*) 

+ 

- 

•  sting  influence 

♦ 

- 

•  wall  intarfaranca 

-  *) 

+ 

-f 

•  base  pressure 

- 

- 

-f 

*)  tunnel  to  tunnel  coiq>arison  indicated  that  wall  intarfaranca  is  negligible 
small  for  this  sixa  of  tha  modal 
**)  from  asqpty  test  section  including  sting  and  sting  support 

All  data  from  tha  different  windtunnals  have  baan  compilad  for  coi^arison  purposas  by 
DFVLR. 


4.  C0NFARX80H  OF  RB8ULT8 

In  tha  following  saoti<»is  only  soma  salactad  rasults  of  tha  whola  maasurasmnts  will  ba 
praaantad  to  demonstrate  tha  main  concluslMis  of  this  axarcisa. 


4.1  Force  and  Pitching  Moment  Maasuramants 

Tha  presentation  of  force  and  moment  maasuresmnts  is  restricted  to  the  Mach  ntaaber 
N  •  0.7$  which  demonstrates  the  main  features  of  the  conparison. 
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Fig.  7  ahow*  tha  coaparlaon  of  tka  curvaa  Cj,  vara,  a  and  vara.  Ck  for  tha  coqplata 
iodalT  In  ganaral,  tha  ograaaMnt  la  qulta  aatiafaetory  for  tha  cl  vara.  <  curvaa. 
Cloaar  asaaination  ahow  dlffarancaa  at  low  ci,-valuaa.  cl  *  0.2>  whara  tha  angla  of 
attack  of  tha  HST-aaaauraaanta  la  approalaataly  la  •  O.I*  aaallar  than  that  of  tha  S2Mh 
or  8ft  X  8ft  Maturawanta.  Ihla  dlffaranea  dacraaaaa  with  Incraaalng  lift  coafflclanta 
and  dlaappaara  at  cl  >  0.6.  A  alallar  bahavlour  can  alao  ba  obaarvad  at  tha  othar  Mach 
nuaibara  not  ahown  hara.  In  tha  raglon  of  hlghar  lift  coafflclanta  -  naar  Ct-..-  aoaw 
dlacrapanclaa  occur.  Nharaaa  H8T  and  83MA  Boaaurawonta  ahow  a  raaaonabla  agraaawnt  In 
thla  raglon,  tha  CL-valuaa  of  tha  8ft  x  8ft  Maanurawanta  hava  thalr  flrat  braak  at  a 
lift  coafflclant  which  la  Icl  *'  0.02  lowar  than  that  of  tha  othar  two  wlndtunnala.  Tha 
coaparlaon  of  tha  pitching  nowant  coafflclanta  cm  vara,  cl  ahowa  In  tha  Whola  raglon 
of  lift  coafflclanta  algnlflcant  dlffarancaa.  although  tha  tandancy  with  cl  la  naarly 
tha  aaaa  for  all  thraa  wlndtunnala.  Tha  noat  nagatlva  pitching  moaiant  coafflclanta  are 
obaarvad  In  tha  aft  x  8ft-wlndtunnal,  wharaaa  tha  corraaponding  valuaa  maaaured  in  tha 
HST  and  S2MA  wlndtunnala  ara  laaa  negative  and  tha  dlffarancaa  are  In  tha  order  of 
Acm  “  0.006  and  Acm  ■  0.011,  raapactlvaly  at  cl  *  0.5.  Thaae  davlatlona  ara  partly 
due  to  tha  dlffarancaa  In  the  nodal  mounting  and  will  ba  explained  later. 

For  tha  aama  Mach  nuaibar  H  -  0.75  tha  drag  polara  ara  coaparad  In  Fig.  8.  Batwaan  the 
different  wlndtunnala  a  deviation  of  drag  coafflclanta  of  Acp  •  0.0005  can  ba  found  at 
mlnlaun  drag  coafflclant  and  of  Acp  •  0.0008  at  a  cl  *  0.5.  Thaaa  davlatlona  dacraaae 
with  Incraaalng  Mach  nunbara  and  vlce-varaa.  Tha  aana  altuatlon  la  valid  for  tha  curvaa 
nomal  force  coafflclanta  cp  vara,  axial  forca  coafflclanta  oy  (not  ahown  here) .  In 
order  to  undaratand  tha  dlffarancaa  batwaan  tha  reaulta  fron  tha  different  wlndtunnala, 
fuaalaga  alone  taata  hava  bean  nada.  The  modal  mounting  la  expected  to  exert  moat  Influ¬ 
ence  on  tha  flow  In  tha  region  of  tha  afterbody,  the  effect  dlmlniehlng  rapidly  with 
further  dlatanca  upatraam.  Therefore  flrat-order  effecta  of  the  model  mounting  are  elimi¬ 
nated  by  analyalng  wlng-alona  forca  coafflclanta  eatabliahad  by  aubatractlng  the  fuae- 
lage-alona  reaulta  from  thoae  for  the  cooplate  modal  at  given  anglea  of  attack, 

a.g.i  Clw  -  ol-  Clb.  cpM  “  -  Cpg  and  cpp  -  Cp  -  cpp. 

Looking  at  tha  wing  lift  coafficianta  vara,  a  curvaa  at  M  ■  0.7S*  Fig.  9#  ona  can 
atata  that  tha  diffarancaa  in  anglaa  of  attack  hava  dacraaaad  and  ara  in  tha  ragion  of 
unaaparatad  flo«r  «  0.05*.  Tha  aituation  of  tha  wing  alona  pitching  laoBant  coafficianta 
ia  alao  illuatratad  in  Fig.  9.  Owing  to  tha  incraaaing  noaa-up  pitching  momant 
coafficiant  of  tha  fuaalaga  alona  with  incraaaing  anglaa  of  attack,  tha  tandancy  of 
tha  wing  alona  raaulta  ia  changad  coa^rad  to  tha  conplata  modal  raaulta  for  tha  wing 
alona  pitching  mcMiiant  dacraaaing  with  lift  coafficiant. 

Significant  diffarancaa  occur  batwaan  tha  raaulta  of  tha  thraa  wlndtunnala  which  ara  not 
fully  undaratood  in  datail.  kithough  tha  davlatlona  ara  amallar  than  thoaa  for  tha  com- 
Plata  modal  a  aurpriaing  faatura  ahould  ba  notad.  Daapita  tha  fact  that  tha  modal  mount¬ 
ing  in  NLR-HST  ia  mora  lika  that  in  0HERh-S2Mh  than  that  uaad  in  RAB-Sft  x  8£t,  tha  data 
from  HLR-BST  ara  in  battar  agraamant  with  thoaa  of  RhE-8ft  x  8ft. 

Xf  ona  analyaaa  tha  drag  polara  prasantad  in  Fig.  10  ona  can  atata  that  tha  dlffarancaa 
of  tha  drag  coafficianta  of  tha  wing  alona  raaulta  hava  dacraaaad  in  co«apariaon  with 


thoaa  of  tha  conplata  modal.  At  c^ 
ba  found. 


0.5  for  thia  caaa  a  dlffaranea  of  Acn 


0.0006  can 


It  ahould  ba  notad  hara,  that  tha  diffarancaa  ahown  in  Cp|f-valuaa  ara 
highar  than  tha  thaoratical  accuracy  of  tha  maaauramanta  qu<^ad  by  aach  aatabliahmant. 
Thia  ia  aapacially  true  for  tha  pitching  sonant  coafficianta. 

Tha  agraamant  of  forca  and  monant  coafficianta  from  tha  wlndtunnala  of  NLF-HST,  ONERA- 
S2MA  and  RAB-8ft  x  8ft  ia  not  aufficiant  to  aatiafy  tha  raquiramanta  of  tha  aircraft 
induatry  [9].  In  ordar  to  co^>ara  and  to  judga  diffarant  wing  daaigna,  taatad  in  dif- 
farant  wlndtunnala,  tha  aircraft  induatry  raquiraa  an  accuracy  of  6cp  *■  0.0005  and  of 
Acm  *  0.001. 


4.2  Compariacn  of  Parfomanea  Boundariaa 

In  thia  aaction  tha  dragriaa  boundariaa  and  tha  buffat  onaat  boundariaa  of  tha  conplata 
nodal  taata  in  tha  thraa  wlndtunnala  will  ba  compared. 

Fron  tha  drag  polara  tha  dragriaa  Nach  nux^ra  hava  baan  avaluatad.  For  conatant  lift 
coafficianta  c^  ■  0.3,  0.4,  0.5  and  0.6  tha  drag  coafficianta  of  tha  conplata  modal 
hava  baan  plottad  vara.  Mach  nunbar  in  Fig.  11.  Thia  figura  again  damonatrataa  that  tha 
drag  coafficianta  fron  tha  thraa  windtunzMia  can  dlffar  by  a  valua  of  &c|>  •  0.0010. 
Da^ita  thaaa  diacrapanciaa  tha  dragriaa  Mach  nuAbara  Mp,  avaluatad  aftar  dcp/dM^.l 
ara  naarly  tha  aana  for  tha  thraa  windtunnala  axcapt  for  tha  valua  of  C|,  ■  0.5  Whara 
tha  RAF  annaurananta  indlcata  a  aenw^at  Icwar  dragriaa  Na^  nunbar  in  tha  ordar  of 
AN  ■  0e008.  Tha  aana  bahavlour  can  ba  noticad  if  ona  avaluataa  tha  wing  alona  data. 
Although  tha  diffarancaa  in  drag  coafficianta  hava  dacraaaad  to  Ao|m  <  0.0006  naarly  tha 
aana  dragriaa  Mach  nunbara  aa  for  tha  conplata  nodal  raaulta  can  ba  round. 

Tha  dragriaa  boundariaa  ara  prasantad  in  Fla.  12  aa  loci  In  tha  cl-M  plane.  In  tha  aaxw 
figura  the  buffet  onaat  boundaries  ara  prasantad.  Which  have  baan  darlvad  fron  tha  ma- 
valuea  of  tha  unsteady  signal  provldad  by  tha  wing  root  accalaromatar .  For  aavaral  con- 
atant  Mach  nuxt>ara  tha  ma-valuaa  hava  baan  maaaurad  as  a  function  of  angla  df  attack. 


■ . - . 
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Tha  braaXpolBts  of  thosa  curvaa  ara  uaad  to  daflna  tha  lift  coafflclaats  for  buffat 
onsat.  Tha  curvaa  of  tha  thraa  wlndtunnals  Indlcata  that  In  tha  aoat  Intaraatlng  raglon 
of  Nach  nuabara  0.7S  <  M  <  0.8  a  raaaooabla  agraaaMnt  haa  baan  achiavad.  Tha  dlffaranca 
in  lift  coafficianta  at  M  •  0.75  ia  in  tha  ordar  of  tc,  •  0.02,  which  incraaaaa  with 
incraaaing  Madt  nuabar.  For  H  >  0.8  tha  raaulta  of  0nKh-82Nh  indlcata  a  buffat-fraa 
ragion  balow  a  ci,-valua  of  cj,  •>  0.47,  wharaaa  tha  aaaauraaanta  of  HUt-HST  and  HAB-dft 
%  8ft  ahow  a  farthar  dacraaaing  buffat-fraa  ci,-valua  with  incraaaing  Hach  nuabar. 
Buffat  onaat  boundarlaa  hava  alao  baan  darivad  froa  ataady  atata  forca  and  laoaant  aaaau- 
raaanta,  whara  a  cartain  daviation  in  ooafficiant  aftar  tha  flrat  appaaranca  of  a  braak- 
polnt  in  tha  corraapondlng  curva  ia  uaad  aa  critarion.  Furthamora  tha  raa-aignala  of  tha 
wingtlp  acoalaroawtar  and  tha  wing  root  banding  atrain  gauga  hava  baan  uaad  for  datarml- 
nlng  buffat  onaat.  Tha  diffarancaa  of  all  buffat  onaat  boundarlaa  darivad  uaing  tha 
varioua  taohnlquaa  in  ona  windtunnal  ara  in  tha  aaa»  ordar  of  nagnitude  aa  ahown  in 
Fig.  12  for  tha  varioua  windtunnala. 


4.3  Coaparlaon  of  Praaaura  Haaaurananta 

13  praaanta  tha  coaparlaon  of  tha  wing  praaaura  diatributlon  at  tha  aavan  apanwiae 
atatlona  for  M  >  0.75,  Ba  -  3>10‘  and  a  lift  coafflciant  of  ci,  ■*  0.6. 

Thaaa  conditiona  corraapond  to  ona  of  tha  thraa  taat  caaaa  choaan  from  tha  OAHTBUR  action 
group  for  computational  purpoaaa.  Tha  praaaura  coafficianta  praaantad  in  thla  flgura  ara 
■aaaurad  at  ci,  •  0.6  in  tha  windtunnala  of  HST-HLR  and  0IIBRA-S2MA,  wharaaa  for  the 
RAB-8ft  a  Oft  windtunnal  tha  Cn-valuaa  ahown  ara  Intarpolatad  batwaan  valuaa  of  lift 
coafflciant  in  tha  nalghbourhobo  of  0.6.  In  ganaral,  thara  ia  an  ezcellant  agraament 
batwaan  wing  praaauraa  on  tha  lowar  aurfaca  and  for  tha  ragion  of  aubaonlc  flow  at  the 
uiqtar  aurfaca.  Where  there  ara  diffarancaa  they  can  ba  explained  by  praaaura  holsa  ba- 
coedng  blocked  or  damaged  during  tha  couraa  of  thia  azerclaa.  In  the  region  of  auperaonic 
flow  tha  agceamant  la  atill  raaaonabla  although  dlffarencea  In  ahock  wave  poaitlon  are 
avidant  on  tha  outer  part  of  tha  wing.  At  tha  outer  wing  atation  (ii  -  0.409)  the  ahock 
wave  poaltiona  of  tha  NLR-RST  raaulta  appear  approximately  6x/c  •  0.03  to  0.05  more  up- 
atraam  than  thoaa  of  tha  OIIERA-S2MA  raaulta,  which  provide  tha  moat  downatream  ahock 
locationa.  Thia  effect  raaulta  in  a  higher  wing  loading  at  tha  outer  wing  for  tha  OWBRA- 
83HA  axparimanta  which  will  ba  diacuaaad  later. 

Fig.  14  praaanta  tha  praaaura  diatrlbutiona  for  the  aama  caae  at  the  cylindrical  part  of 
tM  fuaelaga.  They  are  in  good  agreement. 

From  tha  wing  praaaura  diatrlbutiona  given  in  Fig.  13  tha  local  normal  force  coefficlenta 
Cn  huO  tha  local  pitching  moment  coafficianta  with  reapect  to  tha  local  quarter  chord 
llna  Ok  hava  baan  avaluatad  and  plotted  in  Flo.  15.  Wharaaa  tha  local  pitching  moment 
diatributlon  vara,  apan  from  tha  thraa  different  windtunnala  ia  in  raaaonabla  agreement, 
tha  nonaal  forca  coafficianta  of  tha  OSBRA-82MA  raaulta  ara  aomewhat  higher  in  tha  outer 
part  of  the  wing  than  thoaa  of  HUt-BST  and  RAB-8ft  x  8ft.  Thia  behaviour  can  alao  be 
obaarvad  at  other  caaaa  not  ahgwn  here.  Thaae  diacrapanciea  could  not  bo  explained  by 
blocked  or  damaged  praaaura  holaa.  Although  tha  overall  lift  coefficient  of  the  complete 
model  ahould  ba  tha  aama  tha  wing  loading  at  tha  outer  wing  aeema  to  ba  different  in  the 
varioua  windtunnala.  Thia  affect  could  not  ba  explained. 

Daaplto  theae  dlffarencea  one  can  atate  that  the  roeaaured  preaaure  diatrlbutiona  are  a 
quite  uaeful  datum-aet  of  a  modern  tranaport  aircraft  configuration  for  aaaeaament  of 
computational  methoda. 


5.  CXXICLUSIOWS 

In  the  framawork  of  OARTEUR  an  European  raaaarch  prograimae  haa  been  carried  out  on  a 
achamatlc  configuration  of  a  modern  tranaport  aircraft.  In  ordar  to  compare  experimental 
raaulta  of  the  aama  model  maaaured  in  tha  main  tranaonlc  windtunnala  in  Europe  the 
DFVLR-F4  wing-body  configuration  waa  taated  in  the  HLR-HST,  the  OHERA-S2HA  and  the 
RAB-8ft  z  8ft  windtunnal.  After  an  agreed  teat  programme  overall  forcea  and  momenta, 
praaaura  diatrlbutiona  on  wing  and  fuaelaga  and  buffet  onaat  data  have  been  meaaurad.  A 
compariaon  of  aalectad  raaulta  of  the  beat  available  data  for  each  windtunnal  haa  bean 
praaantad. 

For  tha  coaqileta  modal  thia  coaparlaon  ravaala  typical  diffarancaa  in  tha  order  of: 

Aa  <  0.1* 

AC|)<  0.0010 
AC9|<  0.015. 

Half  of  thaae  diffarancaa  can  ba  explained  from  diffarancaa  of  the  fuaelaga  alone  taata, 
indicating  that  modal  aupport  and  buoyancy  ef facta  ara  of  aoma  importance.  Praaaura  dia- 
tributiona  compare  vary  wall,  although  diffarancaa  in  ahock  poaition  can  ba  an  large  aa 
58  of  local  chord.  Although  the  agraament  la  raaaonabla,  tha  raaulta  do  not  moat,  alto¬ 
gether  tha  accuracy  raquirimanta  of  Induatry,  ntatad  aa  Acp  •  O.OOOS  and  Ach  •  0.001. 
The  aituatlon  ia  improved,  at  laaat  for  the  drag  coafficianta,  if  ona  looka  to  the  wing 
alona  data.  But  at  preaant,  a  compariaon  of  varioua  wing  daaigna,  teatad  in  diffarant 
windtunnala  doaa  not  aaam  to  bo  poaoible  with  nufficiant  accuracy. 

Bavorthalaaa,  tha  praaont  net  data  ia  quite  uaeful  an  a  datum-aat  for  computational  exer- 
ciaaa  on  a  modem  tranaport  aircraft  configuration. 
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In  ord«r  to  awid  9omm  of  tho  ihortocain^a  of  tho  prosont  •xorciso  and  in  ordar  to  raduca 
tha  doubta  arising  fron  diffarant  axpariaantal  sat-ups  it  is  racoMsandad  for  futura  con- 
parisoni 

Usa  asactly  tha  sana  modal  in  all  windtunnals  including  modal  support  and  instrumanta* 
tion. 

Prasarva  modal  stata  tha  sams  in  all  windtunnals  (smoothnass  and  claannass  of  wing  sur- 
facas) « 

Intansify  invastlgations  on  modal  support  and  wall  intarfaranca  af facts. 
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0  to  0  wing  stations  for  ■  wing  root  bending  strain 

pressure  measurements  gauge 


•  accelerometers 


Location  of  pressure  holes 
on  wing 

Fig.  3  Wing  and  fuselage  equipment 


- NLR  -  HST  1.60  x  2.00  m* 

slotted  top  and  bottom  walls 
closed  side  wolls 

- ONERA  -  S2MA  1.75  x  1.77  m* 

porous  top  and  bottom  walls 
closed  side  walls 

-  RAE-8ftx8ft  2.44  X  2.44  m* 

solid  wolls 


Fig.  4  Test  section  dimensions  of  the  three  wind  tunnels 


2-10 


ONERA  -  S2MA 
Z  -  sting 


RAE  -  8ft  X  8ft 
central  sting 


Fig.  S  Model  support  arrangements  in  the  three  wind  tunnels 


Fig.  6  Location  of  transition  strips  on  wing  and  fuselage 


x/c  =  0,05 


EM-  8.512 


Fig.  13  Wing  pressure  distributions  at  teven  spanwise  stations 
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COMPARISON  OP  THE  RESULTS  OPTESTS  ON  A300  AIRCRAPT 
IN  THE  RAE  6  METRE  AND  THE  ONERA  FI  WIND  TUNNELS 

by 

C.<)CEMAIU> 

Office  Nationel  d'Etudee  et  de  Recherches  Adropatialee 
BP  72-92322  Cfattilkn  Cedax.  Franca 
P.B.  BARNSHAW 

Rojral  Aircraft  EstabllakBant,  Aarodynamica  Departmeat 
Pamborougli  Haata,  Grcat-Britain 


SUMMARY 

Studies  of  the  A300  Airbus  aircraft  have  beea  carried  out  in  thepressuriaed  low-speed  wind  tunnels  at  RAE  (5 
metre. )  and  ONBRA  FI.  Initially  comparison  of  the  results  obtainea  in  the  two  laeilities,  with  the  same  model 
mounts  on  an  identical  tiiree-strut  support,  showed  ^screpancies  which  in  the  case  of  lift  coefficient  amounted  to 
about  2.5%. 

At  the  request  of  Airbus  Industrie,  and  working  within  the  framework  of  the  Anglo-French  Aeronautical 
Research  Programme,  afarp,  onera  and  RAE  then  began  a  systematic  comparison  of  their  measurement  techniques 
together  with  the  methods  us^  in  the  reduction  of  the  resulting  data. 

The  production  of  uncorrected  aerodynamic  coefficients  requires  the  measurement  of  loads  by  means,  in  this 
casa  of  underfloor  balances  and  of  the  reference  pressure.  Checks  were  carried  out  on  the  balance  calibrations 
coniirming  their  accuracy  after  which  an  attempt  was  made  in  both  establishments  to  assess  and  reiine  the  accuracy 
of  the  refmnee  presaure  measurement  As  a  result  of  this  exercise,  corrections  were  applied  to  the  measurements 
made  in  both  erind  tunnels  which  reduced  but  did  not  eliminate  the  differences  between  the  two  sets  of  results. 

Die  data  reduction  relies  on  corrections  to  be  applied  for  tunnel  wall  interference  as  well  as  that  ftem  the  strut 
support  system.  Comparison  of  the  calculation  techniquea  used  at  the  two  tunnela  showed  some  difTercnces  in  the 
evaluation  of  certain  terma  reaultin^  from  wall  constraint.  Discussions  have  enabled  agreement  to  be  reached  on 
defining  a  common  basis  for  application  of  these  corrections. 

Support  interference  effects  form  the  suigect  of  a  OARTBur  Action  Group  study  and  both  wind  tunnels  have 
repreaentatives  who  aerve  on  this  Action  Group.  As  a  result  of  this  common  interest,  a  larm  number  of  tests  carried 
out  at  RAE  together  with  calculations  made  by  both  organisations  have  now  led  to  very  similar  corrections. 

Taking  account  of  all  theae  modifications  including  the  measurements  of  reference  pressure  at  well  as 
corrections  ror  wall  and  support  interference,  the  results  on  lift  and  drag  on  the  ASOO  which  have  been  provided  by 
the  two  tunnels  now  show  good  agreement  confirming  the  accuracy  of  the  measurement  techniques  and  the  broad 
frameworii  of  the  corrections. 


I.  INTRODUCTION 

Check  tests  of  the  performance  of  aircraft  from  the  Airbus  series  have  been  carried  out  in  various  mmor 
subsonic  and  transonic  European  wind  tunnels.  Among  the  low-speed  tunnels,  the  RAE  5  metre  and  the  ONERA  FI 
play  an  esaential  role  since  their  pressurisation  up  to  levels  of  three  and  four  bars  respectively  allows  a  study  of  the 
effects  of  Reynolds  number  on  the  aerodynamic  characteristics  at  constant  Mach  number  and  this  permits  a  more 
reliable  extrapolation  to  flight  Reynolds  numbers. 

Both  organisations  have  a  common  interest  in  demonstrating  that  their  results  are  independent  of  the  wind 
tunnel  in  which  the  tests  were  carried  out  Evidently  this  interest  is  shared  also  by  the  aircraft  manufacturers  who 
might  wish  to  plan  test  series  in  either  tunnel. 

It  was  within  this  context  that  a  test  was  set  up  in  1981  by  Aerospatiale  in  order  to  repeat  in  the  FI  the  same 
performance  measurements  of  the  A300B  as  had  already  been  carried  out  at  RAE.  During  their  construction  phases, 
the  possible  need  to  exchange  models  had  already  been  foreseen.  In  particular,  both  tunnris  have  underfloor  balances 
which  are  capable  of  mounting  models  by  using  what  are  essentirily  identical  three-strut  support  wstems.  On  its 
side,  the  6  metre  tunnel  had  constructed  what  might  be  regarded  as  a  calibration  model  of  the  A300B  aircraft  early 
in  the  lifetime  of  the  tunnel  with  a  view  to  carry  out  an  eventual  programme  of  flight- tunnel  comparisons.  This  model 
was  made  available  to  the  FI  for  their  own  test  programme.  This  paper  aims  therefore  to  describe  the  methods  of  test 
at  both  ONERA  and  RAE,  the  results  obtained,  and  the  critical  study  of  the  test  and  data  reduction  techniques  which 
has  enabled  good  agreement  to  be  achieved. 


a.  MODEL  AND  TEST 

2.1  .Wind  tunnel^ 

The  ONERA  FI  wind  tunnel  atTonlouse  (Figure  1).  and  the  RAE  5  metre  wind  tunnel  at  Famborough  (Figure 
2),  are  the  two  msdor  European  pressurised  low-speed  fadlitias.  They  were  desicned  to  allow  studies  of  Reynolds 
number  effisela  on  tne  aarodytiaiiue  eharaetsristics  Sf  high-Uft  configurations  used  (or  landing  and  take-off. 

The  test  section  ofthe  6  metre  ia6  x  4.2  m’ and  that  of  the  FI  is  4.5  x  3.5  m’.  Maximum  stagnatimi  pwasure  is 
4  bats  in  the  FI  and  »  hoiw  in  the  6  matte  .  Conasquently,  the  maximom  Reynolds  number  calenlated  with  a 
rsfsrence  length  of  O.lVworicing  aaetion  tan  is  van  similar  in  the  two  tunnels ;  it  is  achieved  for  Mach  numbms 
beteraan  0.2  and  0.8  corresponding  to  those  for  take-off  and  landing  (Figure  3). 

Civil  Mrcraft  models  studied  in  the  two  tunnels  ty^cally  have  a  qpan  of  around  3  metres,  and  a  reforence  chord 
ofaronadO.din. 


3-2 


2.2.  Support  mum 

SevcnU  ninxirtmUBio  an  oaad  ia  tkow  low-ipeod  tunncia  in  onUr  to  enable  the  desired  model  attitude  to  be 
achieved.  Examplee  an  shown  in  Vlgun  4. 

Flntly,  then  ia  the  claaaieal  ating  aupport  uaing  a  quadnnt:  several  varianU  are  available  for  the  form  of  the 
sting  including  a  cranked  ating  aa  shown  in  the  phetogta^  from  the  5  metn  and  a  blade  sting  shown  in  the  FI. 
Then,  then  an  strut  supports,  the  aimpleat  being  the  uni^  strut  shown  hen  in  the  FI  where  this  is  often  used  for 
studies  of  laUral  characteristics,  this  support  alkmng  single  application  c^both  incidence  and  yaw. 

AlUrnatively,  as  also  shosm  in  Kgun  4,  both  tandem  and  three-strut  mounting  arrangements  may  be 
employed  in  which  cases,  in  normal  use,  tne  struU  an  partially  shielded  from  the  airflow  by  guards  attached  to  the 
test  section  floor  in  order  to  reduce  the  tan  loads  on  the  struts. 

The  three-strut  mounting  scheme  which  was  in  fact  used  for  the  comparative  tests  described  here  is  shown  in 
mon  detail  ia  Flgun  5  aa  used  in  the  FI.  Incidence  variation  is  provided  by  varying  the  length  of  the  rear  strut  and 
all  three  struts  ate  carried  on  an  underfloor  balanoe  which  in  the  FI  is  formed  from  a  live  plaU  supported  from  an 
earthed  plaU  by  sis  dynamomeUn  (three  vertical  and  three  horisonUl)  each  fitted  wi  th  two  strain  gauge  bridges. 

The  three  support  system  is  in  fact  a  copy  of  that  used  at  RAE  although  shortened  both  in  the  struts  themselves 
and  their  wind  shields  to  allow  for  the  reducM  height  of  the  FI  working  section. 

In  the  ease  of  the  5  metre  ,  the  underfloor  balanoe  is  a  six-coinponent,  self-balancing  weighbeam  type  of  balance 
which  is  considered  to  ofler  inherently  higher  accuracy  and  ability  to  resolve  smaller  increments  of  load  in  the 
presence  of  large  tare  loads  than  an  intemaJ  strain  gauge  balance. 

2  A  Model 

Ihs  model  need  in  the  two  test  programmes  is  Model  121.2,  a  1/13  scale  model  of  the  Airbus  A300B.  Ihis  model 
has  a  steel  wing  e^ppad  with  various  ugh  lift  systems  representative  of  those  on  the  full-scale  aircraft: 

-  at  the  leading  edges,  Krugers  and  Mts 

-  at  the  trailing  edges,  flaps  and  all-speed  ailerons. 

He  spoilers  and  air  brakes  were  not  used  during  the  RAE  /  ONBRA  comparative  tests,  nor  have  there  been  any 
test  with  s  norinntal  tail. 

The  nacelles  used  were  GE  CF6.50  srith  short  tailpipes,  attached  to  the  wing  with  M6  pylons. 

FinalW,  the  model  could  be  equi|qied  with  a  main  undercarriage  under  the  wings  together  with  a  forward 
tricycle  undercarriage. 


The  various  configurations  of  the  slats  and  flaps  studied  in  the  two  tunnels  are  as  follows: 

-  landing  2S/2S  undercarriage  both  raised  and  lowered 

-  take-on  16/8  undercarriage  raised 

-  take-off  16/0  undercarriage  raised. 

(the  first  number  corresponds  to  slat  angle  and  the  second  to  the  flap). 

Since  both  facilities  have  the  means  to  vary  Reynolds  number  at  constant  Mach  number,  an  ability  which 
enables  the  results  to  be  extrapolated  to  flight  Reynolds  numbers  with  better  accuracy,  lifting  surfaces  in  most  cases 
are  tested  without  the  use  of  transition  fixing  in  order  to  avoid  the  problems  of  Scaling  the  roughness  element  to  suit 
the  Reynolds  number.  This  was  so  in  this  instance;  there  was  therefore  no  question  that  differences  between 
measurements  in  the  tunnels  could  occur  as  a  result  of  differences  in  application  of  a  transition  trip  on  the  wing. 

For  each  of  the  configurations  tested,  the  sensitivity  to  Mach  number  and  Reynolds  number  was  indeed  studied. 
The  comparative  tests  between  the  FI  and  the  5  metre  were  as  follows: 


FI 

S  metre 

Configuration 

M 

ReXlO-* 

155 

10015, 13001 

25.'25  ‘UCD 

0.20 

6.6 

40 

13002 

25/25 

0.20 

6.6 

126 

10028 

16iO 

0.30 

6.6 

116 

10029, 13020 

16/8 

0.26 

8.2 

86 

13014 

16/8 

0.24 

6.6 

88 

16/8 

0.24 

7.6 

where  *UCO  indicates  a  eonflgaratiao  Includiim  undercarriage  and  where  the  firet  two  columns  give  the  records 
allocated  in  the  two  facilities  to  the  particular  polare  being  compared. 

Figure  4  Msows  the  averall  dimensioasof  the  model  and  its  pcaition  ia  the  FI  and  6  metre  test  aectioas.  Figure 
7  shows  a  photsfraph  of  a  typical  coafiguratioa  ia  the  6  metres. 
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3.  DISCUSSION  or  RBSULT8 

3.1.FirrtccnDTiBon« 

Figure*  8  ud  9  show  the  results  obuined  in  both  tunnels  for  two  typical  landing  and  take-off  cases,  other 
condi  tiona  being  eeeentially  the  same. 

The  lift  eoeflteient  C,  obtained  at  RAB  is  systematically  higher  than  that  at  FI  and  the  lift  curve  slope  itself  is 
also  greater  at  RAB,  the  relative  discrepancy  being  in  the  range  2.5  -  S.O  %. 

Tile  drag  coefficient  C.  at  any  particular  C,  is  lower  at  the  RAB  than  at  ONERA,  the  drag  polar*  being  more 
"open*  at  the  RAB. 

Finally,  thers  is  a  slight  differance  in  the  position  of  the  aerodynamic  centre  as  deduced  from  the  pitching 
moment  curves. 

These  discrepancies  were  too  large  to  ignore  and  rci^mred  that  an  immediate  inquiry  was  made  into  their 
origins.  The  Anglo-French  cooperative  group,  AFARPl,  was  given  the  task  of  seeking  the  source  of  errors  in  either  the 
measurements  tnemselves  or  in  their  interpretation. 

Now,  an  aerodynamic  force  coefficient  it  the  ratio  between  the  force  measured  on  a  balance  and  the  product  of 
the  dynamic  pressure  q,  =  1/2  p  V,*  with  the  reference  area  Sof  the  model; 


The  errors  in  the  measurementa  themselves  can  therefore  arise  directly  from  the  balance  measurements  and/or 
from  the  dynamic  pressure.  Leas  directly,  interactions  can  arise  through  errors  in  the  measurement  of  the  model 
attitude  relative  to  the  approa^ing  airflow  whose  direction  of  course  dennes  the  drag  asis. 

The  oocffielcnts  are  next  corrected  for  the  interference  due  to  the  presence  of  the  walls  on  the  one  hand  and  of 
the  sumxirts  on  the  other.  These  corrections  are  large  and  differences  in  the  methods  can  contribute  to  discrepancies 
in  thennal  results. 

A  systematic  study  eras  therefore  mounted  at  both  RAB  and  ONERA  in  order  to: 

-  to  detect  possible  errors  in  the  measurement  of  both  forces  and  reference  pressure, 

•  to  establish  the  differences  in  the  methods  of  correction  and  if  passible  to  converge  on  a  common  technique. 


3.2.  Review  of  measurements 


Force  measurement 


An  obvious  cause  of  error  in  the  measurement  of  forces  would  of  course  be  to  use  a  balance  for  which  the 
calibration  had  changed  slightly.  Check  calibrations  were  consequently  carried  out  on  both  the  F]  and  5  metre 
balances  and  established  that  the  accuracy  was  better  in  both  cases  than  0.1%.  This  leads,  at  the  maximum  dynamic 
pressure  for  which  comparative  tests  were  carried  out  (13  kPa),  to  the  following  maximum  errors  on  the  coefficients 
in  the  FI: 

AC,  =  0.01 

ACn  =  0.0010 

AC“  =  0.009. 

The  repeatability  of  the  measurements  is  better  because  it  eliminates  the  systematic  errors  due  to  hysteresis 
which  affect  the  accuracy.  An  example  of  the  level  of  repeatability  from  the  FI  in  Figure  10. 

In  the  5  metre  tunnel,  the  maximum  errors  in  coefffcient  terms  are  rather  less,  reflecting  the  better  match  of 
the  model  to  the  balance  and  tunnel.  Thus: 

AC,  =  0.005 

ACn  =  0.0011 

AC“  =  0.0015. 

Checks  on  the  calibrations  of  both  of  these  balances  have  been  carried  out  on  both  lift  and  drag  axes  using 
calibrated  weights  and  pulleys.  They  showed  no  evidence  of  deviation  outside  of  the  expected  limits  on  repeatability. 

In  conclusion,  therefore,  checks  on  the  calibratioiis  have  shown  no  way  in  which  the  force  measurements 
themselves  could  provide  any  systematic  discrepancy. 

Strut  tares 

Heasurements  made  of  both  the  lift  and  pitching  moment  most  of  course  be  corrected  for  the  model  weight 
With  this  correction,  the  remaining  forces  are  purely  aerodsmamic;  these  include  the  forces  on  the  exposed  parts  of 
the  support  struts. 

The  strut  tares  are  obtained  in  both  tunnels  ^  force  measurements  on  the  struts  in  isolation.  Corrections  to  the 
coefficients,  C^,  Cg  and  C„,  are  then  calculated  and  these  subtracted  from  the  total  values. 

Figure  11  shows  the  comparisons  between  the  drag  tare*  measured  in  the  FI  and  in  the  5  metre  .  The 
agreement  is  excellent.  Measurement*  in  both  wind  tunnels  suggest  that  it  is  advisable  to  correct  by  0.01;  this 
correction  was  not  taken  into  account  at  the  FI.  Consequently  a  correction  AC,,  =  0.01  for  FI  is  imluded  in  the 
comparative  tables  of  corrections  arising  from  this  companaon. 
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Refertnce  prenure  meMurement 

The  reference  prcnure  end  speed  are  measured  in  the  FI  by  means  of  a  pitot-static  probe  at  the  entrance  to  the 
test  section. 


The  static  pressure  derived  from  this  has  been  calibrated  srith  respect  to  that  existing  on  the  tunnel  centre  Ugpe 
by  means  of  an  axial  probe  five  metres  in  length.  These  measurements  showed  the  existence  of  a  slight  streamwise 
pressure  gra^nt;  the  static  pressure  from  the  reference  pitot-static  probe  is  then  corrected  tor  the  ^screpancy  from 
the  true  static  pressure  at  the  quarter  chord  point. 


This  correction  had  been  applied  at  the  time  of  the  A300B  tests.  However,  it  has  been  supposed  at  tiie  time  that 
the  total  pressure  was  uniform  across  the  test  section.  In  the  course  of  this  comparative  study,  checks  were  carried  out 
which  demonstrated  that  the  total  head  distribution  is  somewhat  "dished"  across  the  test  section.  While  the  source  of 
^s  variation  ia  unoonfirmed,  a  siinilar  non-uniformity  in  the  5  metre  tunnel  is  known  to  result  from  the  losses 
induced  by  the  screens  in  the  non-uniform  flow  approaching  the  contraction.  Neglect  of  this  head  low  leatto  to  an 
overestimate  of  the  dynamic  prewure  and  thus  to  an  underestimate  of  the  coefficients  by  around  0.5%.  Thus; 


which  has  to  he  added  to  the  results  in  the  FI. 


=  O.OOS 


After  checking  the  static  and  total  preasurea,  there  remained  the  need  to  check  that  the  measured  references 
were  not  subject  to  interferences  from  the  model  flow  field;  that  it  to  say  that  the  reference  pitot-static  was  eflectively 
at  infinity  upstream.  This  check  has  been  carried  out  in  the  FI  by  comparing  the  usual  reference  pressures  with  those 
measured  at  2.4  metres  further  upstream  on  the  contraction  wall,  these  latter  b«ing  themselves  calibrated  with 
respect  to  the  pressure  on  the  test  section  centre  line  using  the  long  axial  probe. 

The  results  were  almost  identical  implying  that  the  entry  plane  to  the  test  section  is  indeed  eflectively  at 
infini^  upstream. 


In  the  5  metre  tunnel,  a  standard  elliptic  nosed  static  probe,  such  as  had  been  used  satisfactorily  for  many 
years  in  low-speed  wind  tunnels  at  RAE,  had  been  used  to  cariy  out  the  tunnel  calibration.  However,  in  the  course  of 
the  comparative  study,  it  transpired  that  at  the  higher  Reynolds  numbers  per  metres  for  which  the  tunnel  had  to  be 
calibrate,  boundary  layer  transition  occurred  over  the  sensing  holes.  The  turbulent  boundary  layer  gave  rise  to 
about  0.75%  increase  in  pressure  sensed  and  this  led  to  an  effective  decrease  in  measured  dynamic  pressure.  This 
effect  is  shown  ir  Figure  12,  where  the  function  opiotted  is  the  ratio  between  the  pressure  drop  in  the  contraction  to 
that  measured  bv  *he  probe  with  suitable  corrections  applied  to  allow  for  compressibility.  During  earlier  tests  this 
step  chan||e  had  oeen  translated  into  a  smoothed  gradual  change  over  the  tunnel  operating  range.  At  the  typical  test 
point  considered  later  in  section  4,  the  error  relative  to  the  new  accurate  calibration  is  0.8%  giving: 


AC, 


=  -  0  008 


Mean  flow  upwash 


In  both  tunnels,  the  flow  angularity  had  been  measured  by  inverting  calibration  models.  In  the  FI,  tunnel 
geometry  had  not  been  changed,  it  was  possible  therefore  to  confirm  that  the  zero  value  of  the  mean  upwash  was 
accurate. 


Unfortunately,  in  the  5  metre  tunnel  where  the  mean  upwash  had  been  measured  as  -0.09°,  the  non-uniformity 
of  upwash  had  been  considered  unsatisfactory  and  a  high  quality  honeycomb  had  been  installed  before  the 
comparative  test  programme  had  begun,  reducing  the  mean  upwash  to  zero.  Although  there  seems  no  reason  to 
question  the  earlier  value,  it  is  now  no  longer  possiole  to  confirm  it.  It  should  be  pointed  out  however  that  in  order  to 
provide  an  accuracy  on  lift  of  0.1%  at  C|^  =  2,  the  upswash  should  be  accurate  to  0.02°  while  to  provide  an  accuracy  of 
5  drag  counts  would  demand  an  accuracy  on  upwash  of  0.015°. 


3.3.Review  of  corrections 
Wall  corrections 

;  The  results  of  the  wind  tunnel  measurements  have  to  be  corrected  for  the  interference  generated  by  the  test 

[  section  walls  and  by  the  model  support  system. 

Wall  constraint  corrections  in  subsonic  flow  comprise  corrections  to  the  approach  velocity  or  blockage 
I  corrections  and  corrections  to  the  upwash  or  incidence  corrections.  Figure  13  gives  an  example  in  the  different 

I  corrections  applied  successively  to  a  polar  for  the  A300B  in  the  FI . 

i 

I  Blockage  corrections  themselves  comprise  solid  blockage,  wake  blocka|;e  and  separation  blockage.  Expressions 

!  with  varying  degrees  of  sophistication  lead  to  the  following  values  for  the  solid  blockage: 

i 

{  -^*0.0046 


-p  =  0.0056  slrtcFl 

'a 


These  two  values  should  roughly  be  inversely  related  to  the  relative  cross-sections  of  the  tunnels  to  the  power  3/2. 
The  residual  error  of  around  0.1%  it  evidently  not  a  major  contribution  to  the  discrepancies  between  the  tests. 


Incompressible  calculations  modelling  the  far  field  of  the  wake  by  means  of  a  source  lead  to  the  equation: 


in* 

‘'o 


where  S  is  the  model  reference  area  and  C  is  the  test  section  area.  Ibis  equation  was  used  in  the  two  tunnels  but,  at 
the  RAE,  Cq  was  taken  to  represent  the  minimum  profile  drag  whereas,  at  O.N'ERA,  the  total  drag  was  used.  Alter  some 
discussion,  it  was  agreed  that  it  srould  be  more  appropriate  to  choose  the  part  of  the  drag  corresponding  to  the 
dificrence  between  uie  total  drag  and  the  vortex  drag,  for  conditions  where  there  were  no  extensive  areas  of 
separation.  Thus: 

*C  V  Ot  HA 


where  the  subacript  c  indicates  corrected  results,  A  the  aspect  ratio  and  k  is  a  calculated  value  for  the  induced  drag 
factor. 


The  third  term  in  the  blockage  correction  takes  account  of  the  effective  increase  in  model  volume  nnerated  by 
the  presence  of  redone  of  recirculating  flow.  Basically  the  same  correction  is  used  in  the  two  tunnels  and  is  based  on 
that  derived  by  llaakell.  Given  that  this  is  to  and  large  applied  only  in  the  immediate  neighbourhood  of  the  stall, 
there  is  even  less  likelihood  of  substantial  dinerenees  anaing  firom  this  source. 

In  addition  to  the  blockam  velocities,  the  presence  of  the  walls  also  modifies  the  local  upwash  velocities,  and 
consequently  the  effective  inddence  of  the  model. 


convenient  to  uterpret  the  effect  of  this  interference  field  as  an  increment  in  inddence  for  the  same  lift  coefficient.  To 
achieve  this,  classical  theory  indicates  that  the  upwash  must  be  calculated  at  the  S/4  chord  point  of  any  streamwise 
section.  The  mean  effect  of  the  wing  as  a  whole  must  then  be  suitably  weighted  for  the  value  of  the  local  chord  at  any 
spansrise  position. 

The  early  results  from  RAE  were  in  fact  corrected  on  the  basis  of  the  upwash  calculated  at  the  1/4  chord  line. 

The  values  of  the  correction  in  the  two  cases  are: 


giving: 

and 


Ao  =  0.502  at  1/4  chord 
Ao  =  0.586  C,^  at  3/4  chord. 


which  must  subtracted  from  the  RAE  results. 


Finally,  the  application  of  this  correction  to  incidence  results  in  a  rotation  of  the  axes  of  the  measured  force. 
Thus: 


C^=  CY  cos  Ao  -  C'p  sin  Au 
Cp=  C’p  sin  An  +  C’p  cos  Ao 

When  applied  at  the  FI,  the  term  C’p  sin  Ao  used  to  correct  Cp  was  neglected.  In  fact  this  term  is  not  negligible  and 
should  be  subtracted  from  the  FI  results.  Thus,  typically; 

ACp=  0.009atCp=  2 


In  the  absence  of  any  information  on  the  interference  which  the  support  system  induces  on  the  flow  around  the 
model,  RAE  began  an  experimental  study  of  the  support  interference,  wnile  ONERA  and  Afrospatiale  undertook  a 
theoretical  study  of  the  flow  about  the  support  system. 

Since  the  A300B  model  had  been  designed  to  permit  support  by  both  a  three-strut  rig  and  a  tail-mounted  sting 
support  using  an  internal  six-component  strain-gauge  balance,  RAE  assresed  the  effects  of  strut  interference  by 
mounting  the  model  on  an  internal  balance  in  the  presence  of  the  fairinp  fium  the  strut  support  system,  the  stmt 
tares  themselves  being  measured  in  the  absence  of  the  model. 

No  attempt  was  made  in  the  course  of  these  tests  to  assew  the  near-field  interference  (larmly  of  the  wake  of  the 
stmt  tops  with  the  flap  flow)  by  including  the  stmt  beads  on  the  model  since,  at  the  time  when  it  was  carnring  out  its 
experimental  assessment  of  stmt  interference,  RAE  like  O.NERA  was  concurrently  attempting  to  calculate  the 
interference  field  of  the  support  system;  this  was  thought  to  be  Ibasibic  only  in  the  far  field.  In  the  presence  only  of  the 
stmt  guards,  however,  intmerence  simply  ot  the  far  field  eras  involved  which  enabled  the  results  to  be  analy^ 
using  only  the  lift  interference  to  establiui  the  upwash  and  streamwash. 

The  effects  of  the  stmt  interference  as  deduced  from  the  experimental  programme  were  interpreted  as  arising 
from  modifications  both  to  the  mean  streamwise  velocity  and  to  the  mean  incidence  seen  by  the  wing.  Figure  16 
shows  the  extent  to  which  this  simplified  interpretation  agrees  with  the  experimental  data  as  well  as  with  the 
Adrospatiale  calculations. 
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The  maia  result*  from  the  A6rospatiale  ralculatioas  using  a  panel  method  are  presented  in  Figures  14  and  15. 

The  horizontal  component  of  interference  velocity  is  expressed  in  the  form  of  a  pressure  coeflicient  Cp  which,  in 
compressible  flow,  is  equivalent  to  the  variation  of  dynamic  pressure  dq,/q,.  Figure  14  shows  the  variation  of  pressure 
along  the  length  of  the  fuselage:  in  the  flrst  analras  of  the  A300B  tests  at  the  FI,  a  mean  value  of  the  dynamic 
pressure  was  oiosen  to  correspond  to  that  calculated  for  the  mean  1/4  chord  position,  namely  dq,,/q^  =  0.010. 

In  a  similar  manner,  the  upwash  velocity  induced  by  the  support  system  varies  markedly  both  along  the  length 
of  the  model  as  shown  in  Figure  14  and  along  the  span  as  shown  in  ngure  IS  where  the  upwash  is  plotted  as  an 
increment  in  incidence.  As  Tor  the  blockan  velocities,  these  results  were  analysed  to  provide  a  mean  incidence 
calculated  at  1/4  chord  giving  a  value  Ao  =  0.22*. 

Theae  two  corrections  lead,  at  fixed  incidence,  to  correction  to  given  by: 


AC, 


do 


Ao  +  C, 


^5 

lo 


Figure  16  shows  the  differences  in  corrections  to  C,  between  the  RAE  experimental  results  and  the  theoretical 
result*  calculated  specifically  for  the  three-strut  rig  in  the  5  metre  test  section.  In  addition  to  the  curves,  RAE's  own 
calculated  fit  to  the  data  is  also  given.  At  the  time  m  these  tests,  this  was  equivalent  to  the  single  values  for  blockage 
and  upwash  velocities  independent  of  lift.  Theae  values  for  AC,  used  by  RAE  in  its  programme  of  data  reduction  are 
lower  than  those  used  at  the  FI  by  about  0.01. 


On  the  basis  of  this  comparison  then,  it  seems  fair  to  conclude  that  the  support  corrections  used  in  the  two 
facilities  were  broadly  similar  at  least  so  far  at  the  lift  is  concerned  and  did  not  contribute  substantially  to  the 
discrepancies  found.  However  this  is  not  true  of  drag  which  is  rather  more  sensitive  to  the  accuracy  of  the  upwash 
angle  than  is  the  lilt.  In  this  case,  as  has  been  noted  ^ve,  at  the  FI,  the  upwash  was  calculated  at  the  1/4  chord  line 
rather  than  the  3/4  chord  line  resulting  in  an  error  of  0.09*  leading  in  turn  to  a  significant  correction  to  the  drag  of; 

ACo  =  Cl  sin  0.09*  =  31  X  10«atCL  =  ^ 

This  modification  in  upwash  correction  from  0.22°  to  0.13°  then  gives  substantially  better  agreement  on  the  drag  as 
shown  in  Figure  18.  For  consistency,  a  corresponding  additional  small  correction  has  to  be  made  also  to  lift: 

ACl  =  0.009. 

Now  a  comparison  of  results  from  diflerent  facilities  however  relies  on  the  application  of  a  common  standard  of 
support  corrections,  not  necessarily  an  accurate  one.  Consequently,  the  same  form  of  correction  using  a  single  value 
for  Ao  and  for  dq„/q„  has  been  adopted  in  each  tunnel. 


- 1 

Aa 

dq,/q 

WT 

0.156 

0.130 

0.014 

0.010 

5  metre 

FI 

These  values  give  rise  to  an  improved  collapse  of  the  experimental  results  over  those  used  initially.  They  result 
from  a  rather  better  choice  of  mean  values  and  follow  in  part  from  a  detailed  study  of  support  interference  carried  out 
by  an  Action  Group  Working  within  the  framework  of  OARTeur.  Despite  the  agreement  however,  it  remains  possible 
that  significant  common  errors  exist  in  the  measurements  since  the  near-fleld  interference  from  the  strut  top  has  not 
been  treated  in  this  comparison. 

4.  TABLE  OF  CORRECTIONS  -  NEW  COMPARISONS 

A  detailed  study  of  the  various  sources  of  difference  between  the  results  of  the  testa  on  the  A300B  in  the  FI  and 
5  metre*  wind  tunnels  leads,  for  lift,  to  the  following  balance  sheet,  in  which  points  from  polar  88  in  the  FI  and  from 
lOOM  for  the  5  metre  arc  considerea  In  each  case,  a  Cl  near  to  2  has  been  chosen. 


Source  of  correction 

ri 

6  metre 

-  correction*  to  balance  loads 

-  corrections  to  support  tare* 

•  correction*  to  dynamic  pressures 

-  correction  to  wake  blockage 

-  correction  to  inddence  1 

2 

0 

-0.01 

■hO-Ol 

-1-0.016 

-0.006 

-1-0.009 

0 

0 

-0.016 

-0.002 

-0.017 

0 

4-0.019 

-0.066 

f 

».1-V 
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In  mlumn,  •  aerie*  of  ia  liated  whicli  are  either  to  be  aubtracted  (-aign)  or  to  be  added  ( -t-  aign)  to  the  C, 
calculated  when  the  firat  compariaon*  were  made  (Figure  B).  From  thi*  table,  the  diacrepancy  ia  reduced  by  0.054,  or 
2.7%  local  fron  it*  originar value  of  around  O.Od  -  0.07. 

.  _  dMfawneea  betwoen  the  curve*  for  C,  diown  ia  Figure  17.*)  and  b)  remain  but  theae  are  clearly  lesa  than 

1%  with  the  eaceptioB  of  the  poet-i^  legion. 

.  -C^i/nA]ahewnaeaftinetionofincideneeinFigurel8newaj>peertobearound 

5  X  10^  oaoaF*  mr  the  re^ea  approaching  the  atall  and  are  typical  of  the  normal  l^el  of  accuracy  of  the 

meaaurementa. 

a  CONCLUSION 

SI(»M  eon^dm^eOart  ha*  been  nant  at  bobh  cnnotA  and  KAI  to  enenre  that  the  quality  of  the  measurements 
carried  out  to  th*  n  and  6  m^  taaaM  ahonld  b*  vero  bi^.  The  eaiatence  of  difference*  between  the  two  aeta  of 
what  abo^  have  bean  identical,  hilly  oorrectad  data  tod  toarefiue  to  an  immediate  effort  to  identify,  and  then 
remedy,  the  aourcea  of  theae  diiforeneea 


Aa  a  reeult  of  the  preaent  comparative  programme,  a  aeriea  of  modificaticaia  to  the  procedure*  both  in  using 
referenro  preaaurea  and  in  applying  correction*  lor  wall  and  support  interferences  have  been  introduced.  Following 
the  mMiflcatiwUp  the  eorreeted  hil  end  dreg  meesurements  on  the  A300B  which  heve  been  produced  in  the  two 
tunnels  mw  very  good  e^eement,  confirming  the  eccurecv  of  the  measurement  technique  and  the  broad 
framework  of  the  correctione.  Evidently,  there  remains  the  posaibiliQr  of  errors  which  are  emnmon  to  both  series  of 
measuremmita,  among  which  may  be  some  arising  from  intenerence  between  the  top  of  the  struts  with  the  wing  flow, 
since  in  this  case  both  tunnels  have  used  essentially  the  same  correction  te^nique. 

It  it  relatively  rare  that  the  opportunity  to  carry  out  a  direct  compariaon  uting  the  same  model  on  the  same 
support  18  poauble  in  two  different  tunnel*  In  thie  caee,  it  wee  poetibto  due  to  the  close  contact  between  the  two 
design  team  throughout  the  conitruetlon  phases  tf  the  two  tunnel*.  However,  even  with  this  advantage  of  direct 
comparability  of  measurement,  the  effort  involved  in  undertaking  the  detailed  re-examinsUon  must  not  be 
underestimated.  The  check  calibrationa  of  the  balances,  and  more  importantly  of  the  tunnels,  the  design  of  new 
probes,  and  step-by-step  comparisons  of  the  calculations  and  application  of  wall  and  support  interference  corrections 
have  been  time  consuming  but,  as  the  results  show,  very  {^warding. 

,  Wi^  the  benefit  of  hindsight,  it  might  be  felt  that  the  changes  which  have  now  been  shown  to  be  necessary  are 
obvious  but  in  several  of  the  cases  invdved  here,  they  are  apj^ied  to  procedures  or  techniques  which  have  ^n 
earned  over  from  other  wind  tunnels  where  they  have  worked  adequately,  or  at  least  have  not  been  criticised  in  the 
past,  and  have  consequently  not  demanded  re-examination.  In  view  of  the  present  experience,  it  seems  probable  that 
such  inadequacies  may  exist  elsewhere  but  are  likely  to  come  to  light  only  as  a  result  of  very  exhaustive  re¬ 
examination. 
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1.0  ABSTRACT 

This  paper  describes  the  work  perfomed  to  fully  understand  and  validate  the  V-22 
Aero^nuic  drag  and  stability  data  base  developed  throu^  extensive  wind  tunnel  testing 
Early  drag  and  stability  aerodynamic  testing  showed  differences  in  characteristics  when 
canparing  results  fron  different  test  facilities.  A  joint  Bell>Boeing/Mavy  plan  involv¬ 
ing  a  thorough  understanding/reflnesKnt  of  test  techniques,  facility  calibrations  and 
application  of  conputational  methods  resolved  these  issues  and  pemitted  validation  of 
the  data  base. 
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3.0  IMTRODOCTIOW 

The  V-22  "Osprey"  is  a  nultiservice,  multinission  tilt  rotor  aircraft  suitable  for  a 
wide  variety  of  missions  and  uses  advanced  but  mature  technology  in  achieving  this 
capability.  It  is  designed  to  takeoff  and  land  like  a  belic<9ter  and  fly  like  a  turbo¬ 
prop  airplane  -  reaching  high  speeds  and  high  altitudes  and  possessing  long  range  cq>a- 
bilities.  Significant  increases  in  performance  are  obtained  with  a  short  rolling  take¬ 
off  using  partially  tilted  nacelles.  These  unique  flight  characteristics  are  possible 
because  the  pilot  can  control  the  direction  of  the  thrust  vector  by  tilting  the  nacelles. 
The  large  wing  tip  mounted  rotors  can  be  tilted  through  more  than  90  degrees,  hence  the 
name  tilt  rotor.  An  artists  li^ression  of  the  V-22  is  shown  in  Figure  1.  The  aircraft 
is  currently  in  full  scale  developnent  with  first  fli^t  scheduled  for  mid  1988.  This 
program  will  reshive  the  rotary  wing  industry  as  we  know  it  today. 

In  December  1981,  the  Defense  Departamt  identified  the  tilt  rotor  as  a  possible  candidate 
to  meet  the  Marine  Corps'  new  aircraft  needs  and  initiated  the  V-22  program  (originally 
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called  JVX).  In  June  of  1982,  a  Joint  Technology  Aaaeseaent  Group  determined  that  the 
tilt  rotor  had  potential  to  meet  the  needa  of  all  four  military  branches  and  a  memorandum 
of  understanding  was  completed  among  the  services  by  Decei^r.  Tlw  missions  identified 
included  Narine  me^um  assault  transport,  Mavy/Air  Force  combat  rescue.  Army  cargo  and 
medical  evacuation  and  Air  Force  special  operations;  all  of  which  benefit  from  the  tilt 
rotor's  speed  and  range  capability.  The  U.  S.  Navy  is  the  executive  service  for  this 
development.  To  respond  to  these  requirements,  a  team  consisting  of  Bell  Helicopter 
Textron  and  Boeing  Vertol  was  formed  in  April  of  1982. 


4.0  DBVKLOPNEIIT  SCHEDULE 

In  April  of  1983,  the  V-22  developawnt  program  was  initiated  by  a  preliminary  design 
contract  to  the  Bell-Boeing  team.  Figure  2  shows  the  overall  program  schedule.  The 
basic  program  will  produce  913  aircraft  for  the  four  services  with  additional  appli' 
cations  already  under  consideration. 

Boeing  and  Bell  share  the  responsibility  for  the  development  of  the  V-22 .  Boeing 
is  responsible  for  developing  the  eiq>ennage,  overwing  fairings,  fuselage,  flight 
controls  and  avionics  integration.  Bell  is  responsible  for  the  wing,  nacelles,  tr«ui8- 
missions,  rotor  and  hub  a8aeid>lies  and  integration  of  government  furnished  engines. 
Allison  Division  of  General  Motors  is  developing  and  supplying  the  engines.  Grumman 
Aircraft  will  build  the  espennage  wd  Lockheed,  the  wing  trailing  edge  flaps.  In 
addition,  there  is  substantial  other  sub-contractor  involvement  in  the  program. 


5.0  COHFIGUIIATICW  DESCRlFTlOt 

Figure  3  shows  the  V-22's  salient  design  features.  Two  38  foot  diameter  gimbaled  rotor 
and  transmission  systems  are  mounted  on  each  wing  tip,  powered  by  6150  shaft  horsepower 
Allison  T406-AD-400  engines.  The  aircraft  operates  as  a  helicopter  when  taking  off  and 
landing  vertically.  Once  airborne,  the  nacelles  are  rotated  90  degrees  forward  idiich 
converts  the  aircraft  into  a  turboprop  airplane.  The  rotors  are  synchronized  by  means  of 
an  interconnect  shaft  that  runs  through  the  wing  between  the  nacelle  mounted  transmissions. 
This  shaft  also  provides  power  transmission  from  one  rotor  system  to  the  other  in  the 
event  of  engine  failure.  Auxilia^  drives  from  a  center  wing  gearbox  provide  power  for 
hydraulics,  oil  cooler  and  electrical  generators.  An  APU  drives  through  the  center 
gearbox  for  engine  starting.  The  aircraft  folds  compactly  for  stowage  aboard  ship  and 
uses  an  advanced  digital  fly-by-wire  control  system.  It  is  constructed  of  composite 
materials  and  has  crashworthy  seating  for  24  combat  troops.  The  Osprey  is  capable  of 
all  weather  instrument  flight,  day  or  night,  and  continuous  operation  in  moderate  icing 
conditions . 


6.0  ABRCTIYMAWIC  DEVELOPMENT 

An  extensive  wind  tunnel  test  program  was  initiated  to  support  the  aerodynamic  develop¬ 
ment  of  the  V-22  configuration,  establish  the  aerodynamic  data  base  for  flight  test  of 
the  full  scale  development  aircraft  and  reduce  overall  program  risk.  The  program 
included  drag  models  to  be  tested  in  both  low  speed  and  transonic  tunnels,  dynamic 
models,  a  large  scale  nacelle  model,  a  spin  model,  a  powered  model  for  rotor/airframe 
interactions  and  a  2/3  scale  rotor  for  hover  rotor  performance.  Figure  4  shows  the 
models  used  in  the  developiMnt.  Over  8000  test  hours  were  coapleted  between  June  of 
1983  through  June  of  1986  in  both  industry  and  government  facilities.  The  major  por¬ 
tion  of  the  aerodynamic  development  of  the  V-22  was  accomplished  using  a  0.15  scale 
force  and  moment  model.  This  model  was  used  to  si^port  configuration  trade  studies 
for  the  general  lines  of  the  fuselage,  the  empennage  configuration,  sponson  shape, 
wing-body  fairing  and  trailing  edge  flaperon  geometry.  It  consists  of  an  internal 
steel  frame  to  which  fiberglass  body  shells  were  mounted  along  with  a  removable  wing, 
empennage,  nacelles,  and  sponsons.  wing  flsperons  were  remotely  controllable  to  max¬ 
imize  testing  efficiency.  The  model  used  an  internal  six  component  balance  to  measure 
forces  and  moments.  It  was  tested  three  tizws  in  the  Boeing  Vertol  20  Ft  x  20  Ft  low 
speed  tunnel  (BVHT),  once  in  the  Boeing  8  Ft  x  12  Ft  transonic  tunnel  (BTWT)  and  once 
in  the  Arnold  Engineering  Development  Center,  16T  transonic  wind  tunnel  (AEDC). 

Initial  configuration  development  tests  were  carried  out  in  the  Boeing  Vertol  low 
speed,  20  Ft  X  20  Ft  wind  tunnel  (Test  No.  1),  in  September  of  1983  to  establish  the 
basic  configuration  data  base.  This  configuration  is  shown  in  Figure  5.  The  model 
used  the  Boeing  "A"  balance,  and  was  mounted  on  a  3.0  inch  diameter  pre-bent  sting 
which  entered  through  the  lower  aft  body.  Provisions  were  made  for  an  iqiper  blade 
sting  which  entered  the  model  through  the  top  of  the  fuselage  forward  of  the  tail. 

These  support  stings  were  used  to  establish  si^port  system  tare  and  interference 
corrections.  Flow-throu^  nacelles  were  desi^i^  to  establish  engine  inlet  spillage 
drag,  with  the  flow  controlled  by  plugs  placed  in  the  exhaust.  Internal  flow  was 
measured  by  exhaust  pressure  rakes  and  used  to  eBted)lish  the  internal  drag  of  the 
nacelle. 

In  F^ruary  of  1984,  the  0.15  model  was  tested  (Test  HO.  2)  in  the  Boeing  8  Ft  x  12  Ft 
transonic  tunnel  to  establish  incremental  high  speed  aerodinamic  characteristics. 

The  installation  is  shown  in  Figure  6,  and  in  the  photograph.  Figure  7.  The  sane 
configuration  and  balance  used  in  Test  Mo.  1  were  used.  The  mounting  system  was 
modified  to  a  lower  blade  type  sting.  No  alternate  support  systems  were  used  to 
est^lish  support  system  tare  and  interference  corrections. 


4-3 


In  MovWbtr  of  1984,  th«  aodol  wan  updatad.  Figure  8,  to  represent  the  tben  current 
configuration  for  TMt  Ho.  3.  This  reguired  the  Banufacture  of  new  skins  for  the 
fuselage  and  sponsons,  new  aspennage  and  new  flow-through  nacelles.  The  nacelles 
were  precision  cast  aluainun  and  contained  static  and  total  pressure  probes,  nounted 
Internally,  just  forward  of  the  exhaust.  Screens  with  various  density  nesh  were 
inserted  just  aft  of  the  inlet  throat,  to  control  the  inlet  conditions .  The  aame 
sting  si9port  systen  as  was  used  in  earlier  testing  in  the  Boeing  Vertol  wind  tunnel 
was  used  to  nount  the  nodsl. 

The  nacelle  instrusantation  was  calibrated  at  the  Boeing  Flight  sinulation  Chaaber 
on  a  balance  nounted  at  the  front  of  a  pressure  chanber  which  was  evacuated  to  create 
flow  through  the  nacelle.  The  neasured  forces  were  correlated  with  internal  pressure 
and  teaperature  inatrunentation  to  establish  the  internal  drag  corrections  during  wind 
tunnel  tests  of  the  coaplete  nodel. 

The  nodal  tested  in  the  Arnold  Engineering  Developaent  Center  (AEDC)  IGT  tunnel  (Test 
MO.  4)  in  February  1985,  was  the  saa»  nodel  tested  at  Boeing  Vertol  during  Test  Mo.  3. 
The  only  nodlfications  were  the  use  of  a  larger  capacity  internal  balance,  Boeing  "B", 
and  swept,  tapered  support  stings  designed  to  adapt  to  the  AEDC  tunnel  sector  and  to 
locate  the  nodel  pitch  and  yaw  reference  centers  at  the  centerline  of  the  16  Ft  test 
section  for  both  pitch  and  yaw  runs.  Both  a  lower  swept  support  sting  and  a  swept 
upper  blade  sting  were  used.  The  lo%>er  swept  sting  was  the  prinary  support,  with  the 
upper  blade  being  used  to  establish  su^ort  systui  tare  and  interference  effects  for 
the  prinary  support  syatoi  (Figure  9).  Testing  was  conducted  fron  Mach  Ho.  0.2  to 
0.75. 


In  March  of  1986,  the  last  test  (Test  No.  5)  of  the  0.15  scale  model  was  made  in  the 
Boeing  Vertol  20  Ft  x  20  Ft  low  speed  wind  tunnel.  Virtually  the  sane  model  was  tested 
as  was  used  at  AEDC  for  Test  Ho.  4.  Modifications  were  made  to  reflect  minor  changes 
in  the  fuselage  and  sponaon  lines.  The  wing,  flap  system  and  empennage  were  unchanged. 
The  flow-through  aluminum  nacelles  were  new  for  this  test  reflecting  a  change  to  the 
exhaust  exit  area,  and  were  recalibrated  for  internal  drag  at  the  Boeing  Flight  sim¬ 
ulation  Chamber,  prior  to  the  teat.  The  model  is  shown  in  Figure  10.  For  this  test, 
a  new  support  system  sting  adapter  was  made  so  that  the  swept  support  stings  used  at 
AEDC  could  be  used,  along  with  a  straight  sting  more  commonly  used  at  Boeing  Vertol. 

The  same  large  capacity,  internal  balance  (Boeing  "B")  that  was  used  at  AEDC  was  used 
in  this  teat.  Extensive  tare  and  interference  effects  for  all  three  support  systems, 
(upper  swept  blade,  straight  and  lower  swept  stings)  were  determined  on  a  model  compo¬ 
nent  by  component  basis,  in  a  standard  model  build-up  fashion.  The  support  system 
configurations  are  shown  in  Figure  11. 


7.0  PROBLEM  STAIEMEMT  AMP  PLAN  FOR  EESOHmOM 


Throughout  the  aerodynamic  testing,  a  policy  was  established  where  reference  runs  were 
made  during  the  Initial  part  of  each  test  period  to  tie-in  the  current  test  configura¬ 
tion  with  the  previously  established  data  base.  These  were  done  to  verify  the  data 
reduction  program  and  tunnel  corrections/calibrations. 


when  these  tie-in  runs  were  compared  for 
Test  NO.  3  at  BVWT  and  Test  No.  4  at  AEDC 
(Figures  12  and  13)  at  the  same  Mach  and 
Reynold's  numbers  it  was  seen  that  the  AEDC 
test  results  were  greater  in  drag  than  the 
BVWT  data  base.  greater  by  35 
counts,  C,  for  Cd„  "  "was  reduced  as  was 
overall  spRn  efficiwcy.  Stability  from  the 
AEDC  results  as  seen  in  Figure  13,  was  also 
increased.  As  a  result  of  this  comparison, 
all  the  results  from  the  previous  tests  with 
the  0.15  scale  siodel  were  reviewed  and  are 
sumsarlsed  in  Table  1,  Cd^.„  established  in 
Test  No.  1  was  S3  counts  less  than  Test  Ho. 
3,  123  counts  less  than  the  Test  No.  2  that 
was  not  corrected  for  support  system  tars 
and  interference  (Ttl's)  and  118  counts  less 
than  the  fully  corrected  value  obtained 
during  Test  No,  4  at  the  AEDC  tunnel.  The 
83  count  difference  between  Test  No.  I  and 
Test  No.  3  was  attributed  to  changed 
fuselage  lines,  wing/body  fairing,  enlarged 
sponsons  and  enlarged  vertical  tails.  The 
difference  between  Test  No.  4  and  Test  No,  3 
data  was  not  explainable  by  configuration 
differences  since  the  sane  siodel  was  used 
for  both  tests.  It  should  be  noted  that 
aerodynamic  increments  doe  to  compressibil¬ 
ity  were  similar  at  BTNT  (Test  No.  2)  and 
AEDC  (Test  Mo.  4) . 

The  differences  in  the  results  at  BVWT  (Test 
Nos.  143)  were  attributable  to  refinement 


TMe  1.  Comparison  of  Initial  Aerodynamic 
Characteristics  at  Model  Scale 
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of  the  general  configuration.  Data  froa  Bmr  (Test  Ho.  2)  waa  used  for  increnente 
since  no  support  systea  Tax  data  corrections  uere  applied  and  the  sodel  was  flown 
above  the  tunnel  centerline  to  achieve  Increased  angle'  of  attack  range. 

The  35  count  difference  in  the  drag  level  between  BVHT  (Test  Mo.  3)  and  AEDC  (Test  Ho. 

4)  wwe  less  easily  explained,  since  the  sane  SKxlel  was  used  in  both  tunnels,  config* 
UTftuon  diffttjrttncM  cliBiiiAted  u  sourcfi  of  tiie  dra^  increase.  Expansive 

P^*test  balance  calibrations  on  the  Boeing  “B"  balance  were  carried  out  at  HEDC,  prior 
to  the  test  with  both  a  bare  balance  and  with  the  model  installed  on  the  balance  in 
the  tunnel .  The  reauining  sources  for  the  discrepancy  could  be  either  with  the 
application  of  the  support  system  tares,  the  Boeing  "A"  balance  used  in  all  previous 
tests  or  with  the  tunnels  themselves,  either  in  the  q  measurement  system  or  with  a 
tunnel  test  section  pressure  gradient. 

The  rotation  of  the  drag  polar  (Figure  12)  could  be  effected  by  the  flow-through  na¬ 
celle  correction,  tunnel  upflow,  or  the  accuracy  of  the  Boeing  "A"  balance.  The  stabil¬ 
ity  change  (Figure  13}  could  have  been  the  result  of  inaccurate  support  system  tares 
for  the  lower  stnpt  AEDC  sting. 

Early  in  1985,  the  Bell/Boeing  team,  representatives  of  the  test  facilities  and  the 
®^Avy ,  met  to  review  the  results  of  the  testing  and  test  techniques  and  to  plan  an 
approach  to  resolve  the  differences  in  the  data  base.  The  plan  for  resolution  involved 
calibration  of  the  Boeing  Vertol  and  AEDC  tunnels,  use  of  coaq>utational  fluid  dynamic 
(CTO)  methods  to  correlate  the  tunnel  calibration  at  Boeing  Vertol,  evaluation  of  wall 
effects  at  AEDC  and  a  review  of  the  test  approach/technique  for  the  next  test  scheduled 
for  early  1986  (Test  Mo.  5).  For  this  test  the  Boeing  “B”,  large  capacity  balance,  the 
**  v*®  used  at  AEDC,  would  be  installed  in  the  model.  Since  the  nacelle  was  to  be 
updated  te  the  latest  lines  and  exhaust  area,  it  would  be  recalibrated  in  the  Boeing 
flight  siaiulation  chamber .  The  Boeing  Vertol  straight  support  sting  along  with  the 

lover  swept  sting  and  swept  upper  blade  sting  would  be  used  to  develop  an  extensive 
support  system  T&I  data  base  to  allow  configuration  component  evaluation  on  all  three 
support  systems. 


8.0  RESOUITIOM 

8.1  WIMP  TUNMEL  CALIBRATIOMS 


The  Boeing  Vertol  Low  Speed  Wind  Tunnel  is  designed  for  V/STOL  testing,  and  has  a  test 
section  20  Ft  x  20  Ft  x  45  Ft  long.  It  has  the  capability  for  running  in  an  open  throat 
configuration,  a  solid  wall  or  slotted  wall  configurations.  Air  is  exchanged  in  the 
tunnel  by  variable  outlet  and  inlet  doors,  fore  and  aft  of  the  test  section.  For  drag 
testing,  the  normal  configuration  is  with  the  test  section  walls  12X  slotted.  Calibra¬ 
tions  were  made  with  a  17  ft.  static  pressure  probe  located  on  the  tunnel  centerline, 
with  the  tunnel  in  various  configurations.  Results  are  shown  in  Figure  14,  tdiere  static 
pressure  coefficients  are  plotted  vs.  tunnel  axial  station  for  the  normal  operating  tunnel 
configuration,  including  the  support  system.  For  a  well  designed  tunnel,  the  cross- 
sectional  area  should  expand  to  account  for  test  section  boundary  layer  growth  and  support 
syst«  solid  blockage,  so  that  the  pressure  gradient  is  near  sero  or  calibrated  with 
sufficient  accuracy  so  that  static  pressure  corrections  can  be  applied  to  the  test 
results.  The  tunnel  configurations  including  test  section,  probe  and  si^port  system 
were  modeled  using  the  VSAERO  potential  flow 
CFD  program,  (Ref  1  and  2)  and  the  measured 
results  were  confirmed,  (Ref.  3),  and  are 
shown  in  Figure  15.  By  using  this  analyt¬ 
ical  technique,  it  was  poa'sible  to  establish 
the  incremental  effects  on  the  tunnel  cen¬ 
terline  pressure  gradient  of  support  system 
components  such  as:  pitch-yaw  adapters,  tap¬ 
ered  assembly  collars,  pitch-yaw  encoders 
and  auxiliary  actuators  mounted  on  the  sup¬ 
port  system. 

Using  the  static  pressure  gradients,  both 
measured  and  calculated,  an  incremental  drag 
correction  was  calculated  for  the  primary 
model  components.  These  increments  are  gi¬ 
ven  in  Table  2,  for  the  three  support  sys¬ 
tems  used  in  Test  No.  5.  The  incremental 
drag  correction,  hC,.  varies  for  the  three 
support  systems  since  >ach  sting  locates  the 
model  at  a  different  longitudinal  station  in 
the  tunnel  and  Imposes  a  different  pressure 
gradient  over  the  length  of  the  model.  The 
AEDC  16T  tunnel  waa  calibrated  for  static 
pressure  gradient  and  showed  that  the  tunnel 
waa  adequately  compensated  for  boundary  lay¬ 
er  growth  and  support  system  solid  blockage, 

AEDC  used  Euler  CFD  codes  to  compute  anti¬ 
cipated  tunnel/modal  interference  effects 
and  correlated  this  with  measured  tunnel 
wall  pressure  distributions.  This  work  is 


Table  2.  bCp  Due  to  Tunnel  Static 
Pr9S9ur0  Gradient 
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8.2  WOMITIIIG  SYSIBW/TABE  Atm  IlimtFERBICE 

A  Mjor  coaponant  of  the  plan  to  resolve  the  data  differences  vas  the  establisheent  of 
the  support  systea  tare  and  interference  corrections  to  be  applied  to  the  data.  The 
approach  was  to  establish  T&I's  for  both  support  systeas  used  in  Test  No.  4  at  AEDC, 
along  with  the  straight  support  used  in  the  Boeing  Vertol  t\innel.  These  three  systeas 
are  shown  in  Figure  11.  Interference  effects  mre  established  for  all  three  systeas 
in  Test  HO.  5,  on  a  coaponent  by  coaponent  basis,  as  the  aodel  was  built  up  froa  the 
body  alone  to  the  coaplete  aircraft  configuration. 

Results  of  this  investigation  are  given  in  Figure  16,  for  noiaal  force,  axial  force 
and  pitching  aoawnt  for  the  coaplete  aircraft.  These  results  are  coapared  to  the 
results  for  the  lower  sw^t  sting,  as  aeasured  in  Test  Ho.  4  at  AEDC.  The  correction 
for  the  AEDC  lower  swept  sting  exhibits  the  sane  variations  and  slope  as  a  function  of 
angle  of  attack  in  all  paraaeters  in  both  AEDC  and  Vertol  tunnels.  Only  normal  force 
exhibits  a  difference  in  sign,  positive  at  AEDC  and  negative  in  BVWT.  T&I  corrections 
for  lateral  directional  data  were  {Stained  in  both  tunnels  and  no  major  differences 
were  evident  when  they  were  compared. 


8.3  TEST  TECHNIQUE 

This  section  discusses  those  test  techniques  which  could  influence  the  drag  polar  rota¬ 
tion  and  stability  differences  shown  in  Figures  12  and  13. 

The  angularity  of  the  tunnel  flow  in  the  test  section  influences  the  angle  for  zero 
lift  and  rotates  the  drag  polar.  During  Test  Ho.  5,  the  upflow  was  determined  by 
comparison  of  pitch  runs  made  with  the  coi^lete  aiodel  upright  and  inverted.  The 
resulting  drag  polars  are  shown  in  Figure  17.  Using  these  data,  it  was  determined 
that  the  model  Induced  an  upflow  of  -.18“  over  the  referred  Cj^  range  of  0  to  .6. 

As  described  in  section  7,  the  flow-through  nacelles  were  modified  between  AEDC  Test 
No.  4  and  BVWT  Test  No.  5.  Both  nacelles  were  instrumented  and  calibrated  for  static 
and  dynamic  pressure  and  temperature  at  the  exhaust  plane  of  the  nacelle.  This  instru¬ 
mentation  was  used  to  correlate  corrections  for  the  nacelle  internal  forces  to  be  appli¬ 
ed  to  the  tunnel  data. 

The  corrections  to  lift  emd  pitching  moment  are  quite  small;  however,  the  correction 
to  drag  is  significant  and  is  shown  in  Figure  18.  The  drag  correction  at  a  =  0°  is  20 
to  25  counts,  increasing  to  100  counts  at  o  =  20“  for  the  revised  lines  and  135  counts 
for  the  original  nacelle  lines  used  during  Test  No.  4  at  AEDC.  The  primary  reason  for 
the  change  in  value  in  the  Boeing  Vertol  Wind  Tunnel  is  the  reduced  exit  area  of  the 
revised  nacelle.  The  variation  in  the  drag  with  angle  of  attack  results  from  the  change 
in  the  nozzle  exit  conditions,  due  to  increased  tip  vortex  strength  as  lift  on  the  wing 
increases  with  angle  of  attack.  This  parameter  varied  greatly  as  wing  trailing  edge 
flaps  were  deflected  and  appropriate  corrections  were  made  to  the  data  as  determined 
by  the  correlation  of  the  instrumentation  results  and  the  flight  simulation  chamber 
calibration  data  base. 


9.0  FINAL  RESULTS 

In  March  of  1986,  Test  No.  5  of  the  V-22 
full  scale  development  configuration  was 
undertaken  In  the  Boeing  Vertol  Tunnel. 
This  test  utilized  the  0.15  scale  model,  and 
all  of  the  test  techniques  and  corrections 
described  in  section  8.0.  Table  3  compares 
the  results  of  Test  No.  5  with  Test  No.  4. 
All  the  aerodynamic  characteristics  are 
quite  similar,  including  the  minimum  drag 
which  was  the  major  discrepancy  in  the  pre¬ 
vious  aerodynamic  data  base.  The  minimum 
drag  is  built  up  in  Figure  22  at  model  scale 
for  the  three  support  systems  used  at  AEDC 
and  Boeing  Vertol  and  compared  to  the  re¬ 
sults  from  AEDC.  Tested  results  for  each 
aircraft  component  are  adjusted  to  account 
for  shadow  areas.  Results  from  Test  No.  5 
for  the  lower  straight  sting  and  lower  swept 
sting,  are  within  three  counts  of  the  min¬ 
imum  drag  obtained  at  AEDC  during  Test  No, 
4,  and  compare  very  well  on  a  coiqponent  by 
coa^nent  basis.  The  drag  breakdowns  ob¬ 
tained  in  Test  No,  5,  with  the  model  mounted 
on  the  upper  blade  support,  compare  well  for 
all  components  with  the  exception  of  the 
empennage,  which  is  18  counts  leas  than  that 
for  the  other  three  support  systems.  This 
is  a  result  of  the  blade  affecting  the  flow 
over  the  aft  fuselage  and  between  the  twin 
vertical  tails  and  is  not  adequately  ac¬ 
counted  for  in  the  support  system  tare  and 
Interference  correction. 


Table  3.  Comparlaon  of  Final  Aerodynamic 
Characteristics  at  Model  Scale 
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Figures  19  through  21  coapare  pitching  noaent,  lift  and  dra^  from  Test  No.  5  and  Test 
Ho.  4.  For  the  coaplete  aircraft,  C,  vs.  angle  of  attack,  is  in  very  close  agreemeitt. 
Stability  as  cospared  in  Figure  19,  shows  the  saae  level  for  all  three  support  systeas 
in  Test  No.  3,  but  slif^tly  less  than  that  obtained  in  ACDC  (Test  No.  4)  on  the  lower 
swept  sting.  is  sli^tly  offset  for  each  sig^port  systea.  The  drag  polars,  coa- 

pared  in  Figure'll,  show  the  saae  ainiaua  drag  level,  as  shown  in  Figure  22  but  the 
AEDC  data  shows  slightly  sore  induced  drag  above  a  referred  Cl  0-2- 


10.0  (xwcmsioNs 

wind  tunnel  testing  during  a  large  developaent  prograa  will  invariably  be  conducted 
in  more  than  one  test  facility  with  aore  than  one  model,  with  the  inevitable  differ¬ 
ences  in  the  data  obtained.  In  the  past,  data  differences  were  often  attributed  to 
''tunnel*  differences  or  'configuration*  differences  without  any  real  explanation. 
This  often  led  to  an  incomplete  understanding  of  the  data  base  which  resulted  in 
uncertainties  as  to  the  appropriate  absolute  levels  or  to  erroneous  increments.  As 
the  result  of  the  extensive  wind  tunnel  test  program,  the  following  conclusions  are 
drawn: 

-  Pretest  planning  and  careful  design  and  calibration  of  the 
model,  support  systems,  balances,  and  instrumentation 
combined  with  considerations  of  the  installation  in  the 
selected  wind  tunnel  will  result  in  a  consistent  data  base. 

Modem  cosputational  methods  are  an  invaluable  aid  in  under¬ 
standing  and  reducing  tunnel  differences  with  the  same  model 
by  pemitting  the  assessment  of  the  different  mounting  systems 
which  may  be  used  in  various  wind  tunnels. 

It  is  desirable  to  perform  T&I ' s  on  a  component  by  component 
basis,  as  part  of  each  test  to  track  absolute  differences  and 
avoid  later  sumrises. 
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Figure  1.  Artist's  Impression  of  MV-22  Osprey 
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Wind  Tunnel  (Teat  No.  5) 


FIgun  12,  CompartBon  of  Toot  No.  3  FIgun  13.  Compartoon  of  Tost  No.  3  md 
and  Tost  No,  4-  Drag  Tost  No.  4-  Pltetilng  Uomant 


PRESSURE  COEFFICIENT  (cp  s 


trr  COEFFJCIENT  (CL/Ctnec) 


4-14 


Figure  16.  Test  No.  5  Sting  Til 
Correction  Coefficients 
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HIERARCHY  Of  UNCERTAINTY  SOURCES  IN 
TRANSONIC  VINO  TUNNEL  TESTING* 
by 

Jaaea  M.  Mhorlc,  Sactlon  Haad  and  Randy  M.  Bobba,  Project  Engineer 
16T/S  Aerodynaaica  Section,  Propalaion  Mind  Tunnel  Facility 
Calepan  Corporation/ABOC  Diviaion 
Arnold  Engineering  Developaent  Center 
Arnold  Air  Force  Statim,  Tennessee  37389-999S  USA 


SUMMARY 


A  nuaierlcal  perturbation  tachnlgue  wae  eaployed  to  ccapute  the  aerodynaalc  coeffi¬ 
cient  uncertaintiea  attributable  to  uncertainty  sources  associated  with  transonic  wind 
tunnel  testing.  A  force  accounting  ayataa  which  Included  data  frca  an  aerodynamic 
reference  teat,  a  noaala  afterbody  teat,  and  an  inlet  test  was  ast<a>liahed  to  develop  a 
systea  of  equatlraia  by  which  to  ooapute  ncaalnal  flight  values  of  lift,  drag,  and 
pltching-aotunt  coefficient  and  also  to  perform  the  paraaeter  perturbations  necessary  to 
coapute  the  coefficient  uncertainties.  Uncertainty  estiaates  included  standard  instru¬ 
mentation  uncertainties  along  with  estiaates  of  either  influence  coefficients  or  the  un¬ 
certainties  for  such  sources  as  wall  Interference,  specific  humidity,  and  viscous  simula¬ 
tion  which  were  based  on  coablnatlons  of  CFD  calculations  and  experimental  data.  Four 
cases  were  analyxed:  (1)  fighter  suba<a)ic  cruise,  (2)  fighter  transonic  maneuver, 

(3)  fighter  supersonic  cruise,  and  (4)  transport  cruise.  An  analysis  of  the  perturbation 
results  for  these  cases  produced  a  hierarchy  of  uncertainty  sources.  The  top  five  uncer¬ 
tainty  sources  were  (1)  strain-gage  balance,  (2)  specific  humidity,  (3)  wall  interfer¬ 
ence,  (4)  test  conditions,  and  (S)  tunnel  noise  and  turbulence.  Angle-of-attack,  model 
aeroelastic  effects.  Internal  duct  flow,  and  exhaust  jet  temperature  simulation  mre  also 
identified  as  significant  uncertainty  sources  in  transonic  wind  tunnel  testing. 

NOTATION  NOMENCLATURE 


B  Elemental  bias  error 

CFD  Computational  fluid  dynamics 

Cx  Aerodynaalc  coefficient,  X  •  L  for  lift,  D  for  drag,  and  m  for  pitching 

moment 


*<=XlHLET 

FAS 

FT 

IN 

LBf 

MfHACH 

NAB 

NPR 

"Z 

PTR 

RE 

REe 


s 

T 

Tdp 

Tt 

u 

*TR 

ALPRApa 


Aerodynamic  coefficient  from  tbe  aerodynamic  reference  model  adjusted  to 
full-scale  flight  conditions  at  a  reference  inlet  and  exhaust  condition. 
Full-scale  aeroelastic  and  protuberance  effects  are  not  included  in  the 
adjustaients. 

Uncertainty  in  engine  performance  attributable  to  measurement  or  simulation 

uncertainties  in  the  inlet  test  which  is  counted  as  thrust  loss  or  drag. 

Aerodynamic  coefficient  increment  from  the  NAB  test  that  adjusts  Cx  from  the 

reference  exhaust  condition  to  the  required  flight  condition 

Force  accounting  system 

Feet 

Inches 

Pound  force 

Pound  mass 

Hach  number 

Nozsle  afterbody 

Nozzle  pressure  ratio 

Load  factor 

Inlet  total  pressure  recovery 
Tunnel  unit  Reynolds  number,  per  foot 

NOBMntum  thickness  Reynolds  number  at  the  location  of  the  onset  of  transi¬ 
tion 

Elemental  precision  error 
Static  temperature 
Dew  point  temperature 
Total  temperature 
Total  uncertainty 
Location  of  transition  onset 
Angle  of  attack 

Boundary-layer  displacement  thickness 

Tunnel  free-stream  turbulence  level,  percent  of  free-stream  velocity 


In  the  quest  for  guidance  to  prioritise  data  quality  iJi^rovements  at  the  Arnold 
Engineering  Development  Center  (AEDC) ,  a  study  was  initiated  by  thm  AEDC  Directorate  of 
Technology  to  identify  the  sources  of  data  uncertainties  in  AEDC  transcmic  wind  tunnel 
test  data  and  to  quantify  the  effects  of  those  uncertainty  sources.  The  c^jective  of  the 
study  was  to  establish  a  hierarchy  of  the  significant  uncertainty  sources  to  provide 


*The  research  reported  herein  was  performed  by  the  Arnold  Engineering  DevelopsMnt 
Center  (AEDC),  Air  Force  Systems  Command.  Work  and  analysis  for  this  research  were  done 
by  personnel  of  Calspan  Corporation /AEDC  Division,  operating  contractor  for  the  AEDC 
aerospace  flight  dynamics  test  facilities.  Further  reproduction  is  authorized  to  satisfy 
needs  of  the  U.  S.  Government. 
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guidance  for  resource  allocation  to  ensure  that  "high  payoff"  efforts  were  being  %#orked 
and  given  top  priority.  The  study  %ias  to  include  Identification  and  quantification  of 
uncertainty  sources  in  the  lift,  drag,  and  pitching^soment  coefficients  of  some  typical 
test  configurations  from  the  ASOC  Aerodynamic  Wind  Tunnel  (4T)  and  the  Propulsion  Wind 
Tunnel  (16T) «  A  cooparison  of  sosms  of  the  characteristics  of  these  two  facilities  is 
presented  in  Table  1*  The  uncertainties  were  quantified  in  terms  of  percent  of  flight 
coefficient  values  which  would  be  predicted  using  data  from  an  aerodynamic  reference 
model  test,  a  nossle-afterbo^  (HAB)  model  test,  and  an  inlet  model  test.  Typical 
fighter  and  transport  configurations  f#ere  selected  for  analysis,  ^e  cases  evaluated 
(Table  2)  were  a  subsonic  and  supersonic  cruise  point  and  a  transonic  maneuver  point  for 
the  fighter  configuration  and  a  cruise  point  for  the  transport  configuration.  All  cases 
were  evaluated  for  an  altitude  of  30,000  ft. 


Table  1.  Comparison  o£  A£DC  Transonic  Wind  Tunnels. 


AEOC 

rAcajTv 

TiSTStCTION 

SOt/T 

SIDiWAUMSlGN 

RMCHNO 

CAPAMUTT 
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TUNNCL  tCT 
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FOUR  WAUS  KRKM  ATE  D 
VVlTHnX£06H 
OKNKMOSfTV 

0.04  TO  1.6 

AIROOYNAMIC 

WINDTUNNC14T 

4X4 

FOUR  WAUS  PERFORATED 

WITH  VARIAILE  0  TO  10H 

OPEN  POROSITY 

0  2  TO  1.3, 
1.6,20 

Table  2.  Case  Studies. 
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ft 
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The  wind  tunnel  data  base  used  in  the  analysis  from  the  two  facilities  of  interest 
<A£E>C  Tunnels  16T  and  4T)  was  derived  from  models  having  a  variation  of  model  to  tunnel 
blockage  ratios  from  0.11  to  0.91  percent.  Furthermore,  some  of  the  models  used  artifi¬ 
cial  roughness  to  fix  the  boundary- layer  transition  point,  and  others  had  natural  tran¬ 
sition.  A  summary  of  the  models,  tunnels,  blockage  ratios,  and  viscous  simulation  tech¬ 
niques  is  presented  in  Table  3. 


Table  3*  Summary  of  Model-Tunnel  Characteristics. 


MOOEL 

MOOEL  TYPE 

AEOC 

TUNNEL 

MOOEL  TO 

tunnel 

6LOCKAGE 
RATIO  % 

VISCOUS  SIMULATION 
TECHNIQUE 

AERODYNAMIC 

REFERENCE 

FIGHTER 

16T 

Oil 

FIXED  TRANSITION 

AERODYNAMIC 

REFERENCE 

FIGHTER 

4T 

0  36 

FREE  TRANSITION 

NOZZLE 

AFTER800Y 

FIGHTER 

16T 

0S6 

FREE  TRANSITION 

AERODYNAMIC 

REFERENCE 

TRANSPORT 

16T 

091 

FREE  TRANSITION 

UNCERTAINTY  ANALYSIS  METHODOLOGY 

The  uncertainty  analyses  methodology  used  in  this  study  is  an  adaptation  of  a 
method  that  was  developed  by  the  AEDC  Engine  Test  Facility  (ETF)  for  engine  thrust  uncer¬ 
tainty  analysis  (Ref.  1).  ETF  personnel  calculated  the  Influence  of  the  error  in  each 
independent  quantity  on  the  engine  thrust  at  specific  flight  conditions  using  a  numerical 
perturbation  technique  on  a  specific  set  of  equations  which  described  the  relationship 
between  the  dependent  and  the  independent  parameters  in  the  calculation  of  the  engine 
thrust.  The  technique  involved  calculating  the  engine  thrust  at  a  specific  flight  condi¬ 
tion  using  measured  or  otherwise  determined  values  of  the  independent  parameters,  and 
then  each  independent  parameter  is  separately  perturbed  by  its  uncertainty  value  to  de¬ 
termine  its  effect  on  the  engine  thrust. 

Adapting  this  type  of  uncertainty  analyses  to  the  present  study  Involved  the 
following  steps: 

1.  Identify  the  uncertainty  sources  associated  with  the  three  types  of 
transonic  wind  tunnel  tests. 

2.  Establish  a  specific  set  of  equations  via  a  force  accounting  system 
(FAS)  by  which  the  flight  aerodynaunic  coefficient  predictions  could  be 
made  including  terms  to  allow  for  evaluation  of  all  uncertainty  sources 
identified  in  Step  No.  1. 

3.  Establish  uncertainty  values  for  all  perturbation  parameters. 
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4.  Establish  Aosdnsl  values  for  all  independent  paraaeters  for  the  cases 
being  considered  to  cos^ute  noainal  values  of  lift,  drag,  and  pitching- 
■ment  coefficient  for  each  case. 

5.  Pertorb  each  independent  paraneter  in  the  PAS  separately  by  its  esti- 
sated  uncertainty  value  to  get  a  perturbed  value  of  the  coefficients 
for  each  case  considered. 

6.  The  perturbed  values  of  the  coefficients  are  then  subtracted  from  the 
nosiinal  values  to  ^tain  the  uncertainty  in  the  nosinal  value  attrib¬ 
utable  to  the  particular  perturbation  paraseter  uncertainty. 

UNCERTAINTY  SOURCES 

The  first  task  of  the  stu^  was  to  identify  and  categorize  the  various  sources  of 
wind  tunnel  data  uncertainty.  Three  sain  categories  were  established:  (1)  flow  quality, 
(2)  test  technique  and  sisulation,  and  13)  instrusentation.  Specific  sources  of  data  un¬ 
certainty  identified  for  each  category  and  each  type  of  wind  tunnel  test  are  shown  in 
Figs.  1,  2,  and  3.  Plow  quality  sources  included  uncertainties  associated  with  obtaining 
the  tunnel  Mach  nusber  calibration,  i.e.,  calibration  pipe  orifice  effects,  specific 
huaUdity,  and  the  parasMters  associated  with  the  use  of  the  calibration,  such  as  total 
and  plenuB  pressure,  total  temperature,  and  tunnel  wall  angle.  In  addition,  sources 
associated  with  tunnel  flow  non-uniformity,  such  as  longitudinal  pressure  gradients,  flow 
angle,  and  noise  and  turbulence,  %fere  also  identified  as  sources  of  uncertainty  in  the 
flow  quality  category.  The  flow  quality  uncertainty  sources  are  present  in  all  three 
types  of  wind  tunnel  tests.  Bowever,  it  can  be  seen  in  Figs.  1,  2,  and  3  that  the  uncer¬ 
tainty  sources  associated  with  teat  technique  and  simulation  vary  significantly  with  the 
test  type.  The  aerodynamic  reference  model  test  %d)ich  provides  an  absolute  value  of  the 
aerodynamic  coefficients  has  the  largest  number  of  uncertainty  sources.  The  adjustments 
that  are  applied  to  the  basic  coefficient  measurements  frosi  this  test  are  all  sources  of 
errors.  The  adjustSMnts  inclxide  static  tares,  base  and  cavity  pressure,  model-to-flight 
skin-friction  extrapolation,  support  interference,  and  internal  duct  drag  flow  effects. 
Various  physical  parameters  related  to  the  model  including  moment  transfer  distances, 
reference  areas  and  lengths,  c<mtrol  surface  angles,  and  aeroelastic  effects  are  also 
sources  of  data  uncertainty  for  the  aerodynamic  niodel  test.  Furthermore,  in  the  tran¬ 
sonic  Mach  number  range,  tunnel  wall  interference  can  be  a  significant  source  of  data  un¬ 
certainty  along  with  the  simulation  of  viscous  effects  such  as  the  boundary- layer  laminar 
to  turbulent  transition  locus.  Parameters  producing  uncertainties  in  the  results  ob¬ 
tained  with  fixed  transition  are  trip  placement,  Mach  number,  and  Reynolds  numbers, 
whereas  with  free  transition,  error  sources  associated  with  the  viscous  simulation  are 
tunnel  noise  and  turbulence,  Mach  nixober,  and  Reynolds  number. 
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Fig.  1.  Uncertainty  Sources  in  Aerodynamic  Reference  Test  Data. 
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Fig.  2.  Uncertainty  Sources  in  NAB  Pressure  Test  Data  Increment. 
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There  ere  significantly  fewer 
sources  of  data  uncertainty  associated 
with  test  technique  luid  sieulation  in  a 
nosele  afterbody  (NAB)  pressure  test 
than  in  the  reference  aerodynamic  test 
because  the  increswntal  method  is  used 
in  acquiring  the  desired  information; 
compare  Figs.  1  and  2.  The  NAB  test 
provides  coefficient  increments  to  be 
added  to  the  adjusted  aerodynamic  ref¬ 
erence  test  coefficients  to  adjust  the 
data  from  the  aerodynamic  reference  model  nozzle  pressure  ratio  (NPR)  and  the  area  ratio 
to  those  at  the  flight  condition  of  interest.  Pairing  of  the  inlet  along  with  the  ab¬ 
sence  and/or  the  inaccurate  simulation  of  bleed  flows,  as  well  as  the  uncertainty  in  in¬ 
tegration  areas,  are  sources  of  uncertainty  in  NAB  testing  associated  with  the  model. 
Other  NAB  testing  uncertainty  sources  are  tunnel  wall  interference,  model  support  inter¬ 
ference,  and  ioqproper  sisnilation  of  jet  exhaust  temperatures. 


Fig.  3. 


Uncertainty  Sources  in  Inlet 
Performance  Increment. 


In  reviewing  the  possible  test  technique  and  simulation  uncertainty  sources  associ¬ 
ated  with  an  inlet  test  tdiere  total  pressure  recovery  and  mass  flow  ratio  are  the  primary 
parameters  being  measured,  the  uncertainty  sources  identified  «#ere  iiq^roper  inlet  bound¬ 
ary-layer  simulation  and  mass  flow  control  via  the  positioning  of  a  flow  control  plug. 

Under  the  category  of  teat  instrumentation,  the  uncertainty  sources  identified  were 
those  associated  with  force,  mcnent,  pressure,  temperature,  position,  and  angle  measure¬ 
ments. 


FORCE  ACCOUNTING  SYSTEM 

A  force  accounting  system  yras  established  by  which  to  formulate  a  specific  set  of 
equations  with  which  to  make  the  flight  coefficient  predictions.  Such  systems  are  typ¬ 
ically  set  up  by  the  aircraft  manufacturers  to  account  for  all  the  corrections  and/or 
adjustments  to  the  wind  tunnel  data  as  well  as  all  interacting  forces  that  exist  between 
the  airfraaie  aerodynamics  and  the  propulsion  system.  Moat  force  accounting  systems  sep¬ 
arate  the  forces  that  are  invariant  with  engine  power  from  those  that  vary  with  engine 
power  setting.  The  force  accounting  system  used  in  this  study  is  shown  in  Fig.  4.  The 
aerodynamic  reference  test  which  uses  a  complete  model  with  flow-through  propulsion  simu¬ 
lation  with  a  fixed  inlet  and  nozzle  geometry  provides  an  absolute  value  of  aerodynamic 
coefficients#  ^Xext'  ^  reference  mass  flow  ratio  and  nozzle  and  inlet  geometry.  The 
NAB  test  provides  the  data  to  adjust  the  aerodynamic  reference  test  data  from  the  refer¬ 
ence  condition  to  the  flight  condition  of  interest.  Normally  the  inlet  test  provides 
data  for  accounting  for  inlet  spillage  effects,  for  determining  loss  of  engine  thrust 
through  total-pressure  recovery  data  and  for  assessing  engine  operating  stability  through 
inlet  distortion  index  measurements.  However,  in  the  accounting  system  in  this  study, 
the  inlet  spillage  effect  is  included  in  the  aerodynamic  reference  test  accounting,  and 


Aflio  Ilf  wwwa  MOOfl 


Moau  tfTElWOOV  MOOfi. 


WITH  ANO  WnNOVT  STMS 


Fig.  4.  Uncertainty  Analysis  Force  Accounting  System. 
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thd  inlet  tem  ^^Xxhlet  accounting  for  uncertainties  in  the  measured  total 

pressure  recovery  (PTR)  as  losses  in  engine  thrust,  which  is  considered  as  additional 
drag.  The  coefficient  prediction  is  obtained  by  adding  the  three  terms s 

Cx  -  Cxgjjj  +  ACx^  +  (1) 

tdiere  X  «  L  for  lift#  D  for  drag#  and  m  for  pitching  moment. 

EQUATION  SYSTEM  DEVELOPMENT 

In  the  force  accounting  system  presented  in  Pig.  4#  the  adjustments  and  corrections 
to  the  wind  tunnel  data  normally  applied  by  the  aircraft  industry  are  shown  in  solid-line 
blocks.  Those  items  shown  with  dashed-line  blocks  are  not  normally  included  in  a  stan¬ 
dard  force  accounting  system#  but  are  treated  as  data  uncertainties  in  this  study.  Spe¬ 
cific  analytic  and/or  empirical  equations  can  be  written  for  each  of  the  terms  in  the 
solid-line  boxes.  Included  in  the  current  study  are  equations  for  calculating  test  con¬ 
ditions#  uncorrected  body  and  stability  axes#  base  and  cavity,  and  duct  internal  flow 
momentum  loss  aerodynamic  coefficients.  Trim  and  inlet  spillage  effects  were  included  as 
surface  fits  of  experimental  data  %diich  also  provided  the  capability  of  perturbating 
these  effects  by  the  angle  of  attack  and  control  surface  angle  uncertainty.  Tunnel  flow 
angle  and  buoyancy  effects  were  determined  from  experimental  data  at  the  conditions  of 
interest  and  included  as  constants  in  the  system  of  equations.  The  differences  in  skin- 
friction  drag  between  the  aerodynamic  reference  model  and  the  full-scale  vehicle  is  taken 
into  account  by  subtracting  the  model  skin-friction  drag  from  the  wind  tunnel  measured 
drag  and  adding  in  ^e  full-scale  vehicle  skin-friction  drag.  The  Prandtl-Schlicting  em¬ 
pirical  relationship  from  Ref.  2#  %#hich  Includes  coiq>ressibility  effects,  was  used  for 
calculating  turbulent  flow  skin-friction  coefficients,  and  the  Blasius  equation  (Ref.  3) 
was  used  for  laminar  flow  skin-friction  coefficients.  The  skin-friction  drag  for  both 
the  model  and  full-scale  vehicle  was  calculated  using  the  component  buildup  technique  of 
Ref.  4  using  enqtirically  determined  form  and  interference  factors  with  the  appropriate 
skin-friction  coefficients  and  «ratted  areas.  To  get  the  true  full-scale  flight  values, 
adjustments  are  also  usually  made  for  full-scale  aeroelastic  effects  and  for  the  effects 
of  full-scale  protuberances  not  simulated  on  scale  models.  However,  these  two  effects 
were  not  included  in  the  accounting  system  equations  for  the  current  study.  Body  and 
stability  axes  coefficient  increments  from  the  NAB  test  were  confuted  using  pressure  in¬ 
tegration  equations.  The  HAB  coefficient  increment  included  accounting  for  the  sting  and 
aft  fuselage  deformation  effects  that  are  present  in  the  aerodynamic  reference  test  data. 
NAB  support  interference  was  included  as  a  constant  which  was  evaluated  from  experimental 
data. 

Analytical  and/or  empirical  relationships  did  not  exist  for  the  items  in  the 
dashed-line  boxes  in  Fig.  4.  The  effects  of  many  of  these  items  were  included  as  con¬ 
stant  terms  in  the  equations  and  estimated  from  experimental  data.  Included  in  those 
effects  were  the  inlet  fairing#  bleed  flow  simulation,  and  specific  humidity  for  the 
fighter  configuration.  Wall  interference,  model  aeroelastic,  tunnel  noise  and  turbu¬ 
lence,  and  specific  humidity  effects  for  the  transport  configuration  were  also  included 
as  constant  terms,  but  were  evaluated  using  CFD  techniques  or  a  combination  of  CFD  and 
experimental  techniques.  These  techniques  will  be  discussed  in  detail  in  the  next  sec¬ 
tion.  The  remaining  terms,  which  include  exhaust  jet  temperature,  Reynolds  number  and 
Mach  number  effects  in  the  viscous  simulation,  nozzle  pressure  ratio,  transition  strip 
placement,  and  inlet  performance  effects,  were  included  in  the  system  of  equations  by 
first  estimating  an  influence  coefficient  or  derivative,  dCx/3y,  where  Y  is  the  indepen¬ 
dent  parameter  of  interest.  It  is  recognized  that  Mach  number  and  Reynolds  numbers  are 
not  independent  parameters,  but  and  9Cx/dRB  calculable  and  can  be  used,  as  in¬ 

dicated  below  in  Eq.  (2),  to  propagate  errors  in  the  independent  parameters  to  the  vis¬ 
cous  effects.  The  influence  coefficient  estimates  were  accomplished  using  CFD  and/or 
experimental  data.  The  equation  used  to  calculate  the  influence  of  uncertainty,  ^Y,  on 
coefficient  Cx  was 

3C 

aCx  -  — Alf  (2) 

*  ay 

For  example,  in  the  inlet  accounting,  estimates  were  made  of  the  derivative  by 

using  engine  performance  data  and  an  assumed  aircraft  drag  to  calculate  the  change  in 
drag  coefficient  for  a  given  change  in  total-pressure  recovery,  PTR.  Then  using  the  un¬ 
certainties  in  the  PTR  measurement  attributable  to  the  identified  sources,  an  increment 
in  drag  coefficient  was  calculated  using  the  equation 

trtiere  Y  •  the  particular  uncertainty  source. 

UNCERTAINTY  ESTIMATES 

The  estimates  of  the  uncertainty  in  the  perturbation  paraaieters  for  the  cases 
studied  are  presented  in  Table  4.  Most  of  these  parasieterB  are  the  Independent  param¬ 
eters  in  the  system  of  equations.  The  majority  of  the  uncertainties  presented  in  this 
table  are  instrusentatlon  uncertainties  which  contain  systematic/  non-random  errors 
called  bias  (B)  and  random  errors  referred  to  as  precision  (S) .  The  instrumentation  un¬ 
certainties  were  calculated  as 


For  the  balance  uncertainties  the  bias  and  precision  were  calculated  as  follows  from  the 
calibration  data: 


and 


M 

£  (RES) . 


PRECISION 


E  (RES  -  BIAS)  ^ 
i=l _ 


N-1 


<S 


(5) 


(6) 


where  RES  =  APPLIED  LOAD  -  CALCULATED  LOAD  and  N  -  No.  of  measurements. 

While  the  uncertainties  calculated  for  the  balances  used  in  this  study  were  made  using  the  bias  and  precisio 
values  computed  using  equations  5  and  6,  the  current  thinking  at  AEDC  is  that  these  equations  probably  do 
not  compute  the  balance  bi^ls  and  precision  properly  and  the  methodology  of  determining  these  parameters  are 
being  re-evaluated. 


Table  4.  Perturbation  Par^uneter  Uncertainty  Estimates. 


GROU^ 

PERTURBATION 

PARAMETER 

UNITS 

FIGHTER  CONnGURATION 

H9S9I 

SUBSONIC 

CRUISE 

TRANSONIC 

MANUEVER 

CRUISE 

.T 

mm 

16T 

16T 

TEST  CONDITIONS 

TOTAL  PRESSURE 

ma 

1  25 

1  29 

PLENUM  PRESSURE 

DOB 

DOB 

tEm 

1  14 

1  28 

TOTAL  TEMPERATURE 

3.6S 

365 

^  365 

365 

WALL  ANGLE 

133 

ITIM 

... 

... 

0015 

ORIFICE  EFFECTS 

... 

1X^3 

■IXIB9 

0  0088 

MODEL  ATTITUDE 

PlTCHSECTOR  ANGLE 

BlfH 

flS 

004 

004 

DEG 

0.04 

004 

wem 

004 

004 

0  04 

8ASE  AND 
CAVITY  EFfEaS 

m 

1  7S 

1  43 

0S3 

305 

Oua  INTERNAL 
FLOW 

MOMENTUM 

LOSS 

Bnaa 

a 

2  55 

2  39 

2  12 

UNCALIBRATED  DUCT  EXIT 
TOTAL  PRESSURE 

m 

OH 

B 

B 

63 

PSF 

1  15 

MODEL  FORCES 
AND  MOMENTS 

3B8 

3B8 

388 

wim 

3  88 

388 

BALANCE  VOLTAGE 

VOLTS 

0017 

0011 

0017 

PfWB 

0017 

0017 

BALANCE  NORMAL  FORCE 

LB 

4  1 

1  4 

’* 

4  1 

33  9 

BALANCE  AXIAL  FORCE 

09 

09 

BALANCE  PITCHING  MOMENT 

am 

fm 

140 

Bi 

NAB 

INCREMENTS 

NAB  PRESSURE  AT 

OPERATING  CONDITION 

PSF 

2-0 

2  0 

20 

- 

NAB  PRESSURE  AT  REFERENCE 
CONDITION 

m 

20 

2  0 

9M 

- 

NAB  JET  NOZZLE  PRESSURE 
RATIO 

NONE 

0.2 

0  2 

... 

)ET  TEST  TEMPERATURE 

•R 

10' 

10' 

JET  TEMP  DIFFERENCE 

•R 

ssm 

2200 

INLET 

INCREMENT 

m 

0  001 

0  W1 

TOTAL  PRESSURE  RECOVERY. 

FLOW  PLUG  POSITION 

■ 

0  001 

tea 

0  002 

TOTAL  PRESSURE  RECOVERY. 

FLOW  ANGLE 

MODEL 

GEOMETRY 

CONTROL  SURFACE  ANGLE 

133 

_ 

0  1 

01 

0  1 

_  01 

0  1 

LENGTHS 

■■ 

0301 

0  010 

0010 

0010 

0010 

AREAS 

1  0 

1  0 

1  0 

1  0 

1  0 

VISCOUS  SIMU 

LATlON  FIXED 
TRANSITION 

FIXED  TRANSITION  STRIP 
PLACEMENT 

IN 

—  1 

0  1 

_ i 

N/A 

0  1 

N/A 

0  1 

N/A 

The  test  condition  uncertainty  attributable  to  calibration  pipe  orifice  effects  is 
given  in  terms  of  Mach  number  error.  Uncertainty  estimates  have  been  made  for  duct  in¬ 
ternal  flow  momentum  loss  for  both  a  calibrated  and  an  uncalibrated  duct.  The  uncali¬ 
brated  duct  calculation  uses  weighting  factors  combined  with  duct  total-pressure  measure¬ 
ments  to  calculate  the  duct  mass  flow.  The  uncertainties  in  the  average  total-pressure 
measurement  for  the  uncalibrated  duct  were  calculated  using  that  same  weighting  method¬ 
ology.  NAB  jet  temperature  uncertainty  is  listed  as  jet  test  temperature »  which  is  the 
in8tru'T;/^t  uncertainty,  and  as  jet  temperature  difference,  which  is  the  difference  in 
temperat  .re  between  the  wind  tunnel  test  and  the  flight  operating  condition. 


5-7 


Tb«  affect  of  thtt  tunnel  walls  on  the  models  is  highly  model-dependent  and  must  be 
evaluated  for  each  mo^l  tested.  In  general »  no  corrections  are  made  to  the  model  data 
to  account  for  any  wall*  effectsi  therefore/  the  wall  interference  effects  are  considered 
uncertainties  in  the  data,  fhe  wall  interference  effects  for  the  models  and  tunnels  in 
this  study  were  ccs^mted  using  the  methodolo^  described  in  Bef.  5.  The  procedure  used 
to  solve  the  wall  interference  problem  involved  the  creation  of  a  coaiputational  mesh  for 
the  tunnel  and  a  wing-body  representation  of  tSoie  model.  A  second  larger  mesh  was  created 
which  exactly  overlays  the  first  and  extended  four  tunnel  heights  for  the  free-air  solu¬ 
tions.  The  Bttler  equations  ware  used  as  the  basis  for  the  flow-solver  portion  of  the 
cosqiutations.  The  wall  interference  is  calculated  by  taking  the  difference  between  a 
free-air  and  tunnel  flotr-field  solution.  Soamt  typical  results  frcxn  the  wall  interference 
calculations  at  Mach  0.0  are  presented  in  Pig.  5. 

Moisture  in  the  flow  field  around  a  wind  tunnel  model  can  significantly  affect  the 
aerodynamic  coefficient  data.  As  local  condensation  occurs/  heat  is  released  into  the 
flow  field  which  alters  the  pressure  and  temperature  distributions  over  the  model.  The 
effects  of  humidity  are  particularly  significant  at  high  transonic  and  supersonic  Mach 
numbers  at  which  shock  XocatiM^s  can  be  altered  by  local  condensation  in  the  flow  field. 
The  CFD  code  BUMID/EULER  described  in  Ref.  6  was  used  to  calculate  specific  humidity  ef¬ 
fects  at  the  nominal  conditions  of  the  cases  studied.  This  code  also  uses  the  Euler 
equations  and  a  two-dimensional  model  representation.  Experimental  data  were  available 
at  Mach  numbers  of  0.9  and  1.2  for  the  fighter  configuration,  and  those  data  were  used  to 
adjust  the  results  of  the  computations  for  both  the  fighter  and  transport  configurations. 
As  with  the  wall  interference,  two  points  were  required  for  each  case  in  order  to  compute 
a  coefficient  increment.  One  point  was  tunnel  air  dry  and  one  point  was  with  the  air  at 
the  specific  humidity  criteria  for  tunnel  operation. 

The  humidity  criteria  used  in  the  ABOC  transonic  wind  tunnels  is  that  the  air  dew¬ 
point  temperature  must  be  less  than  the  free-stream  static  temperature  at  subsonic  Mach 
numbers,  and  at  supersonic  Mach  numbers  the  specific  humidity  must  be  less  than  0.0015 
LBjnHoO/LBiitAIR.  The  results  of  the  calculations  for  the  transport  configuration  are  shown 
in  Fig.  6.  The  deltas  used  in  the  uncertainty  analysis  were  the  values  extrapolated  to 
the  4  X  10^  unit  Reynolds  number  humidity  criteria  line,  idiich  was  the  test  condition  at 
which  the  transport  data  base  was  acquired.  Also  shown  in  Fig.  6  is  the  tunnel  humidity 
criteria  line  for  2.5  x  10^  unit  Reynolds  number  to  show  the  sensitivity  of  the  uncer¬ 
tainty  to  air  density. 
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Fig.  5.  Wall  Interference  Effects 
at  Mach  »  0.8. 


Fig.  6.  Specific  Humidity  Results  of 
HUMID/EtTLER  2D  Calculation 
for  Transport  Configuration, 
Mach  »  0.78. 


The  computation  of  uncertainties  associated  with  the  viscous  simulation  was  ac¬ 
complished  using  several  CFD  codes  coupled  with  some  empirical  results.  The  methodology 
of  the  calculation  is  shown  in  Figs.  7  and  8.  Initially  the  flow  field  is  calculated 
using  the  FLO  27  flow  solver  described  in  Ref.  7  which  solves  the  full  potential  equa¬ 
tions.  The  pressure  distributions  from  the  initial  calculation  are  input  into  the 
boundary- layer  code  of  Ref.  8  to  calculate  the  laminar  boundary- layer  profile  to  the 
start  of  transition.  The  code  of  Ref.  9  is  used  for  the  turbulent  boundary- layer  calcu¬ 
lations.  An  intermittency  function  is  used  to  mix  the  laminar  and  turbulent  skin- 
friction  coefficients  over  the  transition  region.  Turbulent  values  are  used  to  compute 
the  displacement  thickness  distribution  over  the  rest  of  the  geometry.  The  onset  of 
transition  and  the  length  of  the  transition  region  are  specified  from  empirical  data. 

The  displacement  thickness  distributions  are  then  input  as  modifications  to  the  original 
geometry,  and  the  calculation  is  repeated  until  the  displacement  thickness  distribution 
no  longer  changes.  The  codes  were  used  to  calculate  the  influence  coefficients,  DCx/^rs* 
0Cx/D||/  and  dCx/dXxii/  that  were  used  in  the  accounting  equations.  They  were  also  used  to 
evaluate  the  uncertainty  associated  with  tunnel  noise  and  turbulence  using  the  Ref.  10 


Fig.  7. 


Vlscoua  Simulation 
Evaluation  Code. 


Fig.  8. 


Boundary-Layer  Calculation 
Methodology. 


equation 

REq  *  190  +  EXP  (6.88  -  103t)  (7) 

where  t  »  tunnel  turbulence  in  percent 
of  free^stream  velocity.  The  code  has 
the  capability  of  computing  the  lift, 
drag,  and  pitching-moment  coefficient 
for  a  given  geometry  and  test  condi¬ 
tion  as  a  function  of  turbulence.  Typ¬ 
ical  drag  coefficient  results  computed 
for  the  wing  of  the  transport  configu¬ 
ration  are  shown  in  Fig.  9.  In  order 
to  get  the  coefficient  uncertainty  in¬ 
crement  attributable  to  tunnel  turbu¬ 
lence,  one  must  first  decide  what  the 
tunnel  turbulence  is  and  also  what  is 
an  appropriate  turbulence  value  for 
flight.  Experimental  data  (see  Fig. 

10)  were  available  for  the  two  wind 
tunnels  and  also  from  a  flight  test 
which  provided  the  onset  of  transition  criteria  (RE0)  as  a  function  of  Mach  number.  The 
data  were  obtained  with  the  same  slender  cone  and  are  reported  in  Refs.  11  and  12.  Using 
the  data  in  Fig.  10  along  with  £q.  (7) ,  one  can  ascertain  the  flight  and  tunnel  turbu¬ 
lence  values  for  the  determination  of  the  drag  coefficient  increment  from  the  data  in 
Fig.  9.  At  Mach  0.8  the  4T  and  16T  tunnel  turbulence  was  0.8  percent,  whereas  the  flight 
value  was  about  0.6  percent.  It  is  also  interesting  to  note  that  while  the  drag  of  the 
transport  configuration  decreased  as  free-stream  turbulence  increased,  the  drag  of  the 
fighter  configuration  increased.  The  changes  in  the  form  drag  with  free-stream  turbu¬ 
lence  account  for  the  difference  in  trends.  The  transport  wing  is  a  supercritical  wing, 
and,  as  the  data  in  Fig.  9  show,  the  form  drag  decreased  more  rapidly  than  the  skin- 
friction  drag  increased  as  turbulence  was  increased.  The  fighter  configuration  wing  is 
not  supercritical,  and  the  form  drag  changes  were  very  small  compared  to  the  skin-friction 
changes  with  turbulence,  resulting  in  an  increase  in  total  drag  as  turbulence  increased. 

The  aerodynamic  reference  model  geometry  is  designed  to  represent  one  flight  condi¬ 
tion  and  is  generally  treated  as  a  rigid  body.  In  the  study  reported  herein,  aeroelastic 
effects  of  the  aero-reference  fighter  and  transport  models  were  computed  to  evaluate  the 
error  associated  with  that  assumption.  A  finite-element  model  of  the  fighter  and  trans¬ 
port  wing  was  developed,  load  distributions  (see  Fig.  11)  were  generated  from  experimental 
pressure  distributions,  and  the  wing  twist  distribution  underloads  %^re  then  calculated. 
Typical  results  of  those  calculations  are  shown  in  Pig.  12.  The  viscous  simulation  eval¬ 
uation  code  (Fig.  7)  was  used  to  calculate  the  difference  in  the  lift,  drag,  and  pitching- 
ffloment  coefficients  between  the  two  twist  distributions,  in  some  instances  when  the  code 
would  not  run,  the  average  value  of  the  change  in  the  twist  distribution  was  treated  as 


Fig.  9.  Predicted  Cq  Versus  Turbulence  for 
Transport  Wing,  M  =  0.78,  a  =  2.14®, 
RE  =  4.0  X  10®/FT, 
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an  angLe-o£-attack  arrox«  and  the  resulting  error  in  the  longitudinal  aerodynaaic  coeffi* 
dents  was  coasted  via  the  perturbation  technique. 
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Fig.  10.  Experimental  Transition  Onset-Turbulence  Correlation. 
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Fig.  11.  Wing  Load  Distribution. 


Fig.  12.  Estimated  Incremental  Wing  Twist. 


STUDY  RESULTS  AND  CONCLUSIONS 

The  uncertainties  in  the  lift  and  drag  coefficients  associated  with  the  various 
parameter  uncertainties  expressed  in  percent  of  the  nominal  coefficient  value  as  well  as 
a  coefficient  increment  value  are  presented  in  Pigs.  13  through  17.  Since  the  cases 
studied  represent  triimned  flight  conditioner  the  pitching-mosMnt  coefficient  uncertain¬ 
ties  are  only  presented  as  coefficient  increments.  Comparisons  are  mader  where  appli¬ 
cable  r  of  coefficient  uncertainties  associated  with  the  two  AEDC  transonic  wind  tunnels 
16T  and  4T.  Parameters  for  idtich  no  results  are  presented  produced  smaller  uncertainties 
than  those  «diich  are  presented. 
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The  total  uncertainties  ^ich 
were  calculated  by  simply  talcing  the 
square  root  of  the  sum  of  the  squares 
of  all  the  perturbation  uncertainties 
are  presented  in  Pig.  13.  Included 
in  this  figure  are  accuracy  require- 
ments  for  the  lift,  drag,  and  pitch- 
ing-mcxnent  coefficients  for  a  trans¬ 
port  configuration  which  were  estab¬ 
lished  by  Stein le  and  Stanewsky  in 
Ref.  13.  It  is  obvious  that  the  total 
uncertainties  established  in  the  cur¬ 
rent  study  are  well  outside  of  the 
Ref.  13  values. 

An  analysis  of  the  detailed  re¬ 
sults  presented  in  Figs.  14  through  17 
resulted  in  the  establishment  of  a 
hierarchy  of  uncertainty  sources  pre¬ 
sented  in  Fig.  18.  Heading  the  list 
are  strain-gage  balance  measurements. 
Steinle  and  Stanewsky  also  identified 
force  and  moment  measurements  as  the 
major  contributor  to  wind  tunnel  data 
uncertainty.  They  recommended  in¬ 
vestigation  into  advanced  calibration 
techniques  taking  into  account  tem¬ 
perature  effects,  non-linearities, 
and  hysteresis  characteristics.  Ob¬ 
viously,  this  is  an  area  that  needs 
considerable  emphasis. 

The  second  item  in  the  hier¬ 
archy  of  uncertainty  source  is  spe> 
cific  humidity.  This  result  was 
somewhat  of  a  surprise,  especially 
the  drag  error  for  the  subsonic 
cruise  fighter  case.  The  specific- 
humidity  criterion,  i.e., 

T  -  Tpp  s.  0,  for  subsonic  Mach  num- 
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Fig.  13.  Total  Uncertainties, 


bers  is  obviously  not  stringent  enough  for  a  model  with  a  wing  that  has  no  supercritical 
flow.  Moreover,  the  transport  configuration  which  has  a  supercritical  airfoil  would  re¬ 
quire  a  more  stringent  specific  humidity  criterion  than  the  fighter.  One  could  adopt  the 
most  restrictive  specific-humidity  criterion  which  is  that  the  dewpoint  temperature  be 
below  the  static  temperature  corresponding  to  the  highest  Mach  number  of  the  flow  over 
the  model.  Steinle  and  Stanewsky  (Ref.  13)  feel  that  is  too  restrictive  and  suggest  a 
criterion,  T  -  T^p  —  3,6®F.  From  the  results  of  this  study  it  appears  that  more  experi¬ 
mental  work  needs  to  be  done  to  adequately  define  the  tunnel  specific-humidity  criter  on 
for  models  with  supercritical  airfoils.  Moreover,  the  CFD  code  HUMID/EULER  needs  to  be 
improved  to  provide  the  capability  of  predicting  what  an  acceptable  tunnel  humidity  is 
for  various  models. 
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Fig.  16.  uncertainties.  Fighter,  Supersonic  Cruise  Condition. 

Wall  interference  as  number  three  in  the  uncertainty  source  hierarchy  was  no  sur¬ 
prise.  The  perturbation  analysis  showed  that  wall  interfer..>nce  effects  were  significant 
even  with  models  with  blockages  as  low  as  0.361  of  the  test  section  area.  Over  the  past 
several  years,  AEDC  has  developed  the  capability  to  make  wall  interference  calculations 
with  confidence  and  routinely  evaluates  such  effects  for  models  to  be  tested  in  their 
facilities.  These  results  show  the  need  to  continue  development  of  the  ’adaptive  wall" 
wind  tunnel  and  for  pursuing  other  wall  interference  correction  techniques  as  outlined 
in  Ref .  5 . ' 


Uncertainties  associated  with  establishing  test  conditions,  which  was  fourth  in  the 
uncertainty  source  hierarchy,  are  primarily  due  to  orifice  effects  associated  with  the 
centerline  pipe  static-pressure  orifices  that  are  used  for  the  tunnel  calibration. 
Secondary  effects  are  the  pressure  transducer  uncertainties  for  the  total-pressure  and 
plenum-pressure  measurements. 
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Fig.  17.  Uncertainties,  Transport  Cruise  Condition. 


Tunnel  noise  and  free-stream  turbulence  holds 
the  fifth  place  in  the  uncertainty  source  hierarchy, 
but  only  for  models  which  utilize  natural  laminar  to 
turbulent  boundary-layer  transition.  Proper  viscous 
simulation  with  such  models  requires  knowledge  of  the 
tunnel  noise  and  free~stream  turbulence  or  some 
method  of  characterizing  those  parameters  with  re¬ 
spect  to  flight.  In  laminar  flow  control  experiments 
the  knowledge  of  these  parameters  becomes  even  more 
important  because  of  the  dominance  of  external  dis- 
turbances  on  the  stability  of  laminar  boundary  layers. 

The  uncertainty  in  angle  of  attack  placed  sixth 
in  the  uncertainty  source  hierarchy;  however,  only  a 
0.04-deg  uncertainty  in  the  main  sector  angle  was  in¬ 
cluded  in  the  coefficient  uncertainty  calculations. 
Other  sources  of  angle-of-attack  uncertainty  include 
sting  prebends  and  pre-roll  angles,  model^balance  in¬ 
cidence  angles,  and  sting  balance  deflection  angles 
to  n^une  a  few.  If  the  uncertainties  associated  with 
the  determination  of  these  angles  were  included,  then 
angle  of  attack  would  move  up  in  the  uncertainty 
source  hierarchy.  These  results  point  out  that  the 
testing  community  needs  to  put  some  emphasis  on  im^ 
proving  angle-of-attack  measurement  accuracy. 
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Fig.  18.  Hierarchy  of  Uncer¬ 
tainty  Sources. 


The  remaining  items  in  the  uncertainty  hier¬ 
archy  indicate  that  model  aeroelastic  effects  should  not  be  ignored.  Moreover,  determin¬ 
ing  the  internal  duct  drag  with  an  uncalibrated  duct  can  produce  significant  errors  in 
the  drag  coefficient  determination.  Furthermore,  adjustments  should  be  made  to  the  NAB 
drag  increments  for  the  mismatch  between  the  flight  and  model  exhaust  temperatures.  This 
adjustment  has  been  successfully  accomplished  for  axisymmetric  nozzles  using  an  empirical 
technique  described  in  Ref.  14.  However,  configurations  with  non-axisynonetric  nozzles 
will  require  the  development  of  an  experimental  data  base  to  produce  a  correction  tech¬ 
nique. 


CONCLUDING  REMARKS 


The  objective  of  this  study  was  to  produce  a  hierarchy  of  uncertainty  sources  in 
transonic  wind  tunnel  testing  to  ensure  that  the  "high  payoff"  sources  were  being  given 
proper  priority  and  fiscal  consideration.  In  summary,  force  and  moment  and  angle-of- 
attack  measurement  are  the  d^inant  sources  of  data  uncertainty  in  transonic  wind  tunnel 
testing  and  need  to  be  given  top  priority  for  measurement  uncertainty  improvement  by  the 
testing  community.  Furthermore,  specific  humidity,  wall  interference,  test  conditions, 
and  noise  and  turbulence  can  also  produce  significant  data  uncertainties,  and  special 
attention  needs  to  be  given  to  each  of  these  parameters  in  order  to  produce  the  highest 
quality  transonic  wind  tunnel  data.  Moreover,  taking  model  aeroelastic  effects  into 
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account  and  performing  masa  flow  calibrations  of  flow  through  ducts  of  aerodynamic  refer¬ 
ence  models  will  furthex  improve  data  quality. 
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SUNIARY 

Air  vehicle  devcloonnt  progrons  continue  to  experience  difficulty  In  predicting  the  perforaance  of 
ne«  elreraft  configurations.  A^onces  In  the  sUtes-of-the-ert  In  Mind  tunnel  sinulatlon  techniques, 
flight  perforaance  aeasureaents  and  Cowutatlonal  Fluid  (tynaalcs  have  provided  the  basis  for  Investigating 
the  accuracy  of  the  aeroitrnMic  eleaents  used  In  the  perforaance  prediction  process.  This  paper  reviews 
the  force  accounting  procedures,  aodel  and  wind  tunnel  sinulatlon  techniques  and  correction  procedures, 
and  foil  scale  adjustaents  used  to  predict  the  perforaance  of  air  vehicles.  The  'lessons  learned*  In  this 
review  should  enhance  the  capability  to  predict  aircraft  perforaance  for  future  air  vehicle  developaent 
progriBS. 


SYWOLS  AW  WTATIOH 
Geoaetric  area 

Arnold  Engineering  Developaent  Center 
Axial  force  coefficient 
Drag  coefficient,  D/qSanr 
Coaputttlonal  Fluid  Ctymlcs 
Skin  friction  drag  coefficient 
Center-of -gravity 
Pressure  coefficient,  (P-P-)/qo 
Drag  " 

Alrfrara  systen  drag 
Full  scale  adjusted  NT  drag 
Force 
Feet 

Net  thrust 
Excess  thrust 

Installed  net  propulsive  force 
Logarltha 
Nsch  nuWer 

Subscripts: 

E  Exit  plane 

EHX  Exhaust 

FS  Full  scale 

INL  Inlet 

INT  Internal 

MAX  Naxina 

NIN  Wnlaua 


A 

AEDC 

C/f 

S' 

FT.ft 

f" 

f“ 

;iPF 

log 

N 


a  Nass  flow 

a/i^  Inlet  aass  flow  ratio 

NFR  Nozzle  pressure  ratio 

P  Pressure 

PSF  Pounds  per  square  ft 

PM  Propulsion  Nind  Tunnel  (AEK  16T) 

q  PynaMc  pressure 

RN  Reynolds  nuWer 

S  Reference  area 

STA  Station 

T  Teaperature 

V  Velocity 

M  Nind  tunnel 

NL  Niter  line 

a  Angle  of  attack 

y  Ratio  of  specific  heats 

A  Increaental  quantity  change 


RISC  Miscellaneous 

0  Reaote  at  Infinity 

Rtr  Reference 

RN  Reynolds  nuWer 

T  ToUl 

TRIM  TRIM  |C6/thrust  vector  effects) 

M  Nind  tunnel 


I.  INTRODUCTION 

The  Kcuracy  of  air  vriilcle  perforaance  predictions  Is  dependent  on  the  quality  of  the  aerotynaalc, 
aass  property  and  propulsion  eystea  Inforaaticn  used  In  the  prediction  process.  For  aost  aircraft 
developaent  prograas,  the  aerotynaalc  eleaents  are  obtained  froa  the  conduct  of  scale  iwdel  tests  In  wind 
tunnel  fecllltles.  For  soae  wind  tunnel  aerotynaalc  Investigations,  a  high  degree  of  accuracy  nay  not  be 
required  (e.g.,  those  perfUraed  for  paraaetric  Investigations  or  Increaental  configuration  effects).  For 
other  prograas,  however,  such  as  those  to  be  used  as  the  basis  for  contract  requlreaents,  the  accuracy 
associated  with  the  derivation  of  the  aerotynaartc  eleaents  aust  be  thoroughly  understood. 

Air  vehicle  developaent  prograas  requiring  high  levels  of  accuracy  continue  to  experience 
discrepancies  In  data  obtained  with  different  scale  aodcTs  In  the  saae  wind  tunnel,  with  the  sane  node)  In 
different  wind  tunnels,  and  between  prediction  and  that  achieved  In  flight.  The  ability  to  Isolate  and 
correct  the  source  of  these  differences  has  been  enhanced  In  recent  years  through  laqiroveaent  In  the 
states-of-the-art  In  wind  tunnel  aradel  and  facility  slailatlon  techniques.  In  application  of  Coaiputatlonal 
Fluid  Oynaaics  (CFD),  and  In  flight  eeasuraaents  (particularly  In-flight  thrust  deteralnatlon). 
Investigation  has  revealed  that  the  aajor  causes  of  these  discrepancies  are  associated  with: 

0  The  accounting  process  and  approach  used  to  Isolate  all  reoulred  force  eleaents  during  wind  tunnel 
test  prograas,  and  proper  coWInIng  of  these  forces  at  the  full  scale  operating  conditions. 


6-2 


0  ImdaqiMic  test  tectiiileues  end  procedures  used  to  eccount  for  the  effects,  both  Internal  and 
external .  of  aodel  Internal  flou. 

0  Lack  of  total  understandtnj  and  accountability  for  the  Interference  effects  associated  with  wind 
tunnel  aodel  support  ^ystms. 

0  Lack  of  accountability  fbr  the  effects  of  wind  tunnel  wall  Interference  on  aodel  aeasureaents  In 
the  high  sidrsonic  and  transonic  Nech  raplaes. 

Additional  contributors  to  these  differences  aay  also  Include  wind  tunnel  conditions,  pressure  gradient 
and  flow  angle:  force  balance  uncertainty,  aodel  fidelity,  accountability  for  Rtynolds  nuidrer  effects,  and 
Jet  exhaust  teaiperature  slaulatlon. 

This  paper  reviews  and  discusses  wind  tunnel  capabilities,  test  techniques  and  procedures, 
uncertainty  of  results  and  ‘lessons  learned’  associated  with  the  facility  and  slaulatlon  aspects  of  the 
wind  tunnel  developaent  process  for  the  critical  aerotynaalc  drag  paraaeter  required  for  the  accurate 
prediction  of  air  vehicle  perfbraance.  Areas  of  discussion  Include:  (1)  process  eaplqyed  for  the 

derivation  of  full  scale  aerotynaalc  drag  froa  wind  tunnel  tests,  (2)  need  for  and  requireaents  of  a  force 
accounting  systea,  (3)  wind  tunnel  capabilities  (flow  field  quality,  aodel  support  tysteas  and  tunnel  wall 
Interference,  (4)  wind  tunnel  prograae  (slaulatlon  fidelity,  internal  flow  aeasureaent,  propulsion 
Interactions,  and  boundary  layer  slaulatlon  for  Rtynolds  nuidrer  effects). 

only  the  subsonic  and  transonic  flight  reglaes  are  addressed  herein.  Hie  supersonic  flight  reglae  Is 
not  addressed  because  of  a  lack  of  thorough  docuaentatlon  concerning  error  sources.  However,  the 

slaulatlon  and  test  technique  principles  are  applicable  to  the  supersonic  flight  reglae. 

2.  HIW  1UMIEL  DRK  PREDICTIOH  PROCESS 

As  Illustrated  In  Fig.  1,  the  derivation  of  full  scale  aerotynaalc  drag  (Olt£p  tera  In  eq.  (4))  froa 
wind  tunnel  aodel  tests  Is  acco^iHshed  In  a  four-step  process  as  follows: 

Step  1.  Model  drag  Is  determined  at  model  operating  coidltlons  (mMn,  HPR)  and  wind  tumel  test 

conditions  (H,  RN,  a  ).  The  accuraor  of  the  aodel  drag  aeasureaents  at  the  model  reference  conditions 

(usually  flow  through  Inlet  and  exit  conditions)  Is  a  function  of  the  full  scale  configuration  fidelity  of 

the  aodel,  precision  and  resolution  of  the  force  balance  aeasureaents  and  quality  of  the  wind  tunnel  flow 

conditions. 

Step  2.  Model  drag  aeasureaents  are  corrected  for  the  effects  of  wind  tunnel  and  aodel  Iteas  which 
are  not  representative  of  the  hill  scale  vehicle  (e.g.,  support  tystea,  Interna)  flow,  wall  Interference, 
geometry  distortion)  and  froa  model  operating  conditions  to  full  scale  reference  operating  conditions 
(reference  conditions  are  discussed  In  Section  3)  for  Inlet  aass  flow  ratio  and  nozzle  pressure  ratio. 
These  corrections  are  discussed  In  detail  In  Sections  4  and  5. 

Step  3.  The  corrected  model  drag  1$  adjusted  froa  model  scale  to  full  scale  to  account  for  the 
effects  of  Reynolds  nuaber,  RN,  on  vehicle  skin  friction  dreg.  The  RN  drag  adjustment  Is  a  function  of 

surface  boundary  layer  conditions  (l.e.,  laalnar  or  turbulent  flow,  and  surface  roughness).  The  usual  RN 

adjustaent  Is  based  on  saooth  flat  plate  turbulent  boundary  layer  theory  applied  to  each  of  the  air 
vehicle  coityonents  (boty,  wing,  tails)  at  both  the  model ,  tyst  and  full  scale  reference  conditions. 
Various  correlations  of  turbulent  boundary  layer  data  exist. One  relationship  for  skin  friction  drag, 
for  the  hilly  turbulent,  Incoityresslble  case, Is  given  by  Schllchting: 

Cf  .  -455  (1  ) 

(log  RN) 

Similarly,  various  correlations  of  the  effect  of  catyresslblllty  on  friction  drag  exist  in  the 
literature.  The  relationship  defined  by  Frank!- Vo Ishel  Is  given  by; 

C,/C  *  (1  (2) 

^(M-O)  ^ 

Because  of  nomally  low  values  of  the  model  test  Reynolds  nuaber  and  the  low  level  of  surface 
roughness  on  a  typical  aodel  coiqiared  to  the  full  scale  vehicle,  the  aodel  boundary  layer  must  be 
‘tripped*  froa  potentially  laarinar  to  turbulent  flow  conditions  (see  Section  5.4).  High  levels  of  surface 
roughness  on  the  full  scale  vehicle  nqy  result  In  non -achievement  of  the  full  RN  beneficial  drag  reduction 
effect  on  some  or  all  of  the  vehicle  congionents,  especially  at  the  higher  Reynolds  nuabers.  This 
phenomenon  is  known  as  RN  ‘cutoff.  For  the  purpose  of  the  drag  prediction  process,  it  Is  generally 
acceptable  to  assuae  that  the  full  scale  vehicle  surface  roughness  can  be  controlled  such  that  RN  cutoff 
will  not  exist.  This  assuaptlon  should  not  be  aade  If  the  levels  of  surface  roughness  anticipated  for  the 
flight  vehicle  are  sufficiently  high  to  precipitate  RN  cutoff.  Rccountabllllty  fbr  surface  roughness  Is 
discussed  In  detail  In  Ref.1,  (Jiapter  II. 

Variations  on  the  smooth  flat  plate  boundary  layer  theory  dlscissed  above  have  been  eaqiloyed  In 
various  aircraft  developaent  programs.  These  variations  have  Included: 

0  Gaplrlcal  three-dlaenslonal  correction  to  account  fbr  the  fact  that  aircraft  coaponents  are 
coagirlsed  of  curved  versus  flat  surfaces. 

0  G^^1r1ca1  correction  for  relating  the  drag  assKlatad  with  mutual  Interference  between  aircraft 
coaponents  (wing,  bo<|r,  tails)  to  Rqynolds  nwtoer. 
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fig.  1  Mml  Tumel  to  Flight  Drag  frtdictlon  Precea 

0  TreataMflt  of  total  drag  (skin  friction  plus  fora  or  pressure  drag)  as  a  fuKtIon  of  RN. 

0  Coablnatlons  of  the  aboue. 

Each  of  these  aodlflcatlons  to  the  basic  taooth  flat  plate  skin  friction  boundary  layer  theory 
Increases  the  aegnitude  of  the  Increaental  drag  reduction  froa  aode)  tost  to  full  scale  reference 
conditions.  Flight  aeasureaents  have  valUaM  only  Ihc  basic  flat  plate  turbulent  boundary  layer  theory, 
ttcept  where  RM  cutoff  Is  In  evidence.'’*’***®  Therefore,  only  this  procedure  toould  be  eaplcyed  In  the 
wind  tunnel  based  dreg  prediction  process. 

Step  4.  The  wind  tumel  aode)  drag  adjusted  to  full  scale  RN  In  Step  3  Is  then  corrected  to  vehicle 
full  scale  drag  through  accountablll^  fbr  those  drag  Itaas  that  were  nm  represented  (or  practical  for 
representation)  on  the  wind  tume)  aodel,  such  as  protuberances  (e.g.,  antenae,  air  data  sensors, 
scoops);  excrescences  (e.g.,  surface  stops,  gaps,  alsaatches  and  flush  Inlets  and  exhausts)  and 
aeroelastic  effects.  Ref.  1  Is  generally  the  basis  used  for  the  protuberance  and  excrescance 
corrections.  Aeroelastic  corrections  are  not  norally  uade  to  wind  tonal  data  but  aay  be  required  for 
very  large  flexible  aircraft  configurations  or  If  perfbraae  requlreants  exist  at  accelerated  flight 
conditions.  Aa lytic  techniques  are  gemrally  eapliped  for  flalblllty  correctlas.  At  the  perfOraKe 
prediction  phan,  hoaver,  a  true  accantlng  for  thea  Itea  Is  Influaced  by:  (1)  optlela  In  the 
aafactoririg  techniques  to  be  etoilqyed  to  alntolze  excresaae  dreg,  (2)  optlala  In  the  full  scale 
vehicle  protuberance  requireaents,  and  (3)  fidelity  of  the  prediction  techniques  In  Ref.  1  and  thoa  used 
to  account  tor  vehicle  flexlblllto- 


wma  aasa  -  nS 


Fig.  2  Accountability  tor  Drag  Itea  Not  Repaanted  on  Hind  Tuael  Itodel 
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I  A  separate  check  on  the  anunt  of  dreg  assocfatad  with  the  estleate  fbr  these  tteas  Is  contained  In 

Fig.  2  idilch  MSS  originally  presented  In  Ref.  4  and  Is  Included  here  with  an  additional  alrcieft.  This 
approach  Is  based  on  historical  tracking  of  resulting  full  scale  air  vehicle  drag,  as  deteitrined  during 
the  flight  test  dociaentatlon  process,  versus  that  deteralned  at  Step  3  In  Fig.  ).  The  niscellaneous  drag 
incraeent  In  Fig.  2  Is  an  aqplrlcal  approach  to  assessing  those  dreg  Iteae  assoclatsd  with  aanufacturlng 
tolerances,  pratuberenaes.  excrescences.  aucHiary  equipaent  Inlets  and  exhaust,  leAage  and  cooling.  The 
data  In  Fig.  2  Indicates  that  the  accountability  for  these  Iteis  are  functions  of  the  vehicle  sizr  (wetted 
area),  aero^naalc  coatrlexf^r.  aftslon  capability  end  stage  of  developaent  (prototype  or  production 
aircraft).  It  should  be  recranlxed  that  the  data  In  Fig.  2,  in  addition  to  accounting  for  Iteas  not 
represented  on  the  eodel ,  could  also  contain  residua)  errors  froa  the  wind  tunnel  aspects  of  the  drag 
prediction  process  as  discussed  In  Sections  4  and  5. 

Sihsequent  discussion  will  address  the  details  of  force  accounting  systeas  and  the  wind  tuirne) 
aspects  of  the  drag  prediction  process  In  Steps  1  and  2^  of  Fig.  1 . 

3.  FORCE  accounting  SYSTEMS 

The  discussion  In  this  section  Is  based  on  the  Thrust-Drag  aethodology  developed  In  Ref.  2,  Chapter 
II.  Fundaaenta)  to  the  success  of  accurate  prediction  of  air  vehicle  perfbmance  Is  the  selection  of  a 
force  accounting  or  'bookkeeping*  systea,  and  supporting  wind  tuisie)  aodels  and  test  procedures,  tailored 
to  the  aero(^nat1c  and  propulsion  systea  being  evaluated.  A  well  defined  perforaence  Integration  systea 
Is  required  to  ensure  that  the  various  eleaents  (i.e..  Inlet,  exhaust,  airfraae,  turboaechlnery)  of  the 
airplane  systea  are  coiMrIned  properly  to  yield  an  accurate  prediction  of  overall  systea  perforaance. 
Also,  co^iarlson  of  aircraft  perforaence  predictions  with  the  results  of  the  flight  test  docuaentatlon 

process  requires  an  understanding  of  the  eleaental  thrust  and  drag  forces  to  validate  the  aircraft 

perforaance  aodel  and  Isolate  the  source  of  any  aeroitrnaalc  or  propulsion  differences  that  aay  exist. 

The  need  for  a  bookkeeping  systea  In  the  wind  tunnel  based  prediction  phase  of  an  aircraft 
developaent  prograa  arises  largely  froa  the  Inability  to  deteralne  the  performance  of  the  coaplete 

airplane  systea,  with  slaailtaneous  real  Inlet  and  exhaust  operation.  In  a  single  test.  The  Implicit 

assu^>t1on  exists  that  the  effect  of  the  Inlet,  and  exhaust  nozzle  can  be  aeasured  separately  and  coahined 
linearly.  This  Is  valid  for  the  hurried  propulsion  configuration,  shown  In  Fig.  3,  near  the  Idea)  angle 
of  attack.  The  assuaptlon  aay  or  may  not  be  valid  for  soae  configurations  and  certain  flight 
conditions.  For  the  podded  nacelle  configuration,  where  the  Inlet  and  nozzle  are  aerodynaalcal  1y  dose 
coupled,  the  assuaptlon  Is  rarely  valid.  For  the  latter  configuration,  use  of  a  turbine  powered  engine 
slaulator  (Illustrated  In  Fig.  4)  or  a  separate  CFD  analysis  may  be  required  to  accurately  Isolate  the 
aero(Vnaa1c  and  propulsion  force  Increaents. 


The  varied  of  actual  and  possible  aeroitrnaalc  and  propulsion  systea  configurations  aakes  It 
laprectlca)  to  specify  a  single  rigorous  accounting  systea.  The  accounting  systea  should,  however, 
address  the  following  characteristics: 

0  Requireaent  for  consistency.  All  forces  aust  be  accounted  for  once  and  only  once. 

0  The  bookkeeping  procedures  should  afford  as  auch  visibility  as  Feasible  to  the  perforMnce  of  the 
eleaents  of  the  airplane  systea. 

0  Selection  of  reforence  conditions,  although  soaerfiat  arbitrary,  should  provide  for  a  way  to 
correct  the  airplane  drag  polar  to  raallstic  Inlet  and  exhaust  systea  operating  conditions. 

0  The  thrust-drag  accouiMIng  aethodology  wst  be  suitable  and  coislstent  for  tracking  of  Integrated 
propulslon/tlrrrtaw  perforaance  throughout  the  aircraft  developaent  progrta. 


Considering  an  aircraft  In  level  flight,  the  slapllfled  force  equation  applied  In  the  flight 
direction  takes  the  fora: 


^EX  -  I^IPF  -  ®AFS 


(3) 


, Additional  forces  Included  tn  the  airfraae  syttea  dreg  (D/^c)  and  net  propulsive  force  (Fjpp)  teras 
account  for  defined  or  chosen  reference  foil  scale  operating  conditions  and  excursions  froa  the  reference 
foil  scale  operating  conditions.  The  breMiaut  of  the  additional  forces  for  a  thrust-drag  accounting 
systaa  applicable  to  the  folly  Integrated  propulsion  systea  Illustrated  In  Fig.  3  Is  as  follows: 


/ 

K 
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The  iRcrWMital  forces  In  Eq.  4  are  not  all  Inclusive  but  are  characteristic  of  the  kinds  of  Iteas  that 
■ust  be  Included.  Additional  Iteas,  such  as  force  Increaents  die  to  Inlet  and  exhaust  of  secondary 
airflow  systaas  aay  be  required. 

The  various  eleaents  of  this  accounting  systea  are  categorized  relative  to  strictly  defined  reference 
and  operating  conditions  (see  Aef.  2.  Chapter  II  for  additional  details)  Including  aeroiVnaalc  (aero) 
reference,  foil  scale  geoaetry  rcftrence  and  foil  scale  operating  conditions.  The  establlshaent  of  full 
scale  reference  conditions  requires  selection  of  several  variables.  Including  inlet  aass  flow  ratio,  inlet 
geoaetry,  nozzle  pressure  ratio,  nozzle  geoaetry,  secondary  airflows,  and  aircraft  tria  setting.  Since 
these  variables  Influence  the  Installation  drag,  a  fixed  set  of  reference  condltlois  asjst  be  Identified. 
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Fig.  5  Example 
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This  accounting  aethodology  nust  be  supported  by  models  and  a  wind  tunnel  test  progrea  designed  to 
Isolate  the  Identified  forces  and  force  Increaents.  Fig.  5  shows  exaaple  wind  tunnel  aodels  (including 
aodel  characteristics)  that  would  be  required  to  Isolate  the  aeroqynaalc  forces  and  aerodynaalc/propulsfon 
force  Increaents  In  Eq.  (4). 


The  force  eleaents  Identified  In  Eq.  (4),  although  developed  froa  wind  tumel  aodel  tests,  are 
applicable  to  the  foil  scale  aircraft.  A  separate  accounting  system  Is  required  for  the  Og^ir  tern  In  Eq. 
(4)  to  correct  the  aeroqynaalc  force  and  aoaent  aodel  aeasureaents  to  the  desired  bookkeeping  reference 
conditions,  “real"  aircraft  geoaetiy,  and  free  air  conditions  (e.g.,  accountability  for  aodel  support 
system.  Internal  flow,  geometry  distortion  and  tall  Interference).  The  force  teras  Fu  (Installed  engine 
net  thrust)  and  dOBu  (drag  associated  with  flight  vehicle  Reynolds  number  excurslms  from  the  full  scale 
reference  Reynolds  nuidier)  In  Eq.  (4)  are  not  germane  to  the  subject  aatter  of  this  paper  and  are  not 
further  discussed.  The  reaalnlng  eleaents  of  the  force  accounting  systea  In  Eq.  (4)  and  correctlois  to 
the  aeroqynaalc  force  and  aoaent  aodel  Measurements  are  discussed  In  subsequent  Sections. 


4.  MIND  TUNNEL  CAPABILinES 


Traditionally,  Increaental  data  froa  wind  tumels  have  been  considered  to  be  quite  valid.  However, 
absolute  data  for  total  air  vehicle  conflguratlms  have  been  suspect  because  of  flow  quality  and 
aodelfoind  tunnel  slnilatlon  uncertainties.  These  uncertainties  and  progress  toward  solutions  In  the  1983 
tiaefraae,  are  discussed  1n  Ref.  7.  Recent  advancements  In  Instrumentation  capabilities  and  Increased 
understanding  and  attention  to  the  details  of  the  aany  elements  of  the  wind  tunnel  process  have  enhanced 
cmfidenoe  In  the  accuracy  of  absolute  levels  of  wind  tunnel  data. 

4.1  Flow  Field  duality. 

Instruaentatlon  advances  have  aede  It  possible  to  calibrate  the  wind  tunnel  with  aeasureaent 
uncertainties  on  the  order  of  0.0008  In  Mach  nuiber  fma  siiisonlc  to  low  supersonic  conditions  and  quote 
free-stream  static  pressure  to  an  accuracy  of  one  PSF.°  Total  spatial  angularity  variations  on  the  order 
of  0.1  degree  are  readily  obtainable,  even  In  large  wind  tunnels,  and  freestreaa  turbulence  levels  now 
approach  or  equal  those  values  obtainable  In  flight  (e.g..  In  the  AEDC  Tunnel  16T,  the  root-aean-square 
value  of  stagnation  pressure  fluctuations  Is  down  a  factor  of  Uiree  to  five  from  the  0.5  percent  of  total 
pressure,  typical  of  the  tiaefraae  of  Ref.  9  and  noted  In  Ref.  S  of  this  Sytyioslua).  Presualng  that 
eitreae  care  Is  taken  to  assure  that  the  test  section  axial  foch  nuriier,  or  static  pressure  varlatlois  are 
alnlail  or  non-existent,  no  butyancy  correction  should  be  required  as  experienced  In  Ref.  10  and  discussed 
In  Ref.  4  of  this  Syaposlini. 

Thus,  the  sources  of  continuing  wind  tunnel  errors  are  the  force  and  aoaent  balances  (discussed  In 
Ref.  5  of  this  Symposium),  model  support  system  and  tunnel  well  Interference  and,  unfortunately,  test 
techniques  etyiloyA  In  the  wind  tunnel  process. 

4.2  Model  Siesport  System  Interference.  ^ 

In  aeqy  cases,  the  effects  of  the  support  wstea  on  aodel  force  end  aoaent  aeasureaents  are  Ignored 
because  either  they  are  assumed  to  be  negligible  or  are  Judged  as  being  ^too  costly  to  evaluate 


Fig.  6  Acro^ynaaic  H>de1  Support  Systeas  Fig.  7  Axial  Force  Correction  for 

Various  Support  Systens 


Fig.  8  Hind  Tunnel  and  Flight  Niniaa  Fig.  9  Oistribution  of  Ua1i  Interference 

Drag  Correlation  on  Model  Surface 

experiaental'y-  These  assessaents  can  lead  to  aajor  probleas  in  predicting  vehicle  perfbraance  as 
illustrated  in  Figs.  6  and  7.  Fig.  6  shows  three  different  nounting  installations  for  the  sane  wind 
tunnel  aodel .  The  results  of  eioeriaental  isolation  of  the  interference  effects  of  etch  of  these  aountlng 
systeas  are  shown  in  Fig.  7.  Also  shown  in  Fig.  7  is  the  correction  required  for  one  of  these  aountlng 
systeas  (AEK  Lower  Swept  Sting)  in  a  second  wind  tunnel  facility.  As  can  be  seen,  the  variation  in  axial 
force  interference  correction  aaong  the  three  aounting  systeas  is  very  large  (100-200  drag  counts 
depending  on  angle  of  attack).  Eipiivalent  variatims  in  noraal  fbrce  and  pitching  aoaent  were  also 
observed  as  discussed  in  Ref.  4  of  this  Sjttyosiua. 

Wien  accounting  for  the  effect  of  support  systeas  experiaentally ,  care  aust  be  taken  in  the  design  of 
the  aodels  and  alternate  support  systea  to  prevent  flow  interactions  between  the  alternate  and  primary 
support  systea  (e.g.,  for  some  conngurations,  a  wing  tip  aounting  systea  aay  be  required  to  isolate  the 
effects  of  an  aft  aounted  sting  support  tystem).  Also,  the  Increased  blockage  of  the  alternate  support 
systea  could  change  wall  interference  effects  in  the  transonic  Mch  regiae.  In  this  case,  CFD  aay  be 
required  to  isolate  the  secondaiy  wall  Interference  effects  of  the  alternate  si^iport  qystea.  It  should  be 
noted  that  considerable  success  has  been  achieved  in  isolating  support  systea  interference  through  the  use 
of  CF0“. 

4.3  Hind  Tunnel  Hall  Interference. 

A  aajor  problea  in  wind  tunnel  to  flight  drag  coeparisons  is  the  lack  of  correlation  in  drag 
divergence  (or  drag  rise)  in  the  transonic  flight  regiae.  Ref.  6  attributes  this  disparity,  at  least  in 
part,  to  wall  interference  effects  on  wind  tunnel  aodels.  Ref.  4  docuaents  this  problea  showing  three 
different  drag  rise  characteristics  fbr  the  saae  vehicle  as  evaluated  from  sibscale,  full  scale  and  flight 
aeasureaents,  as  shown  in  Fig.  8.  Approaches  which  have  been  under  evaluation  to  solve  this  problea 
iKlude:  (I)  dtvel opaent  of  adaptive  well  tysteas  to  eliminate  tie  interference  and  (2)  eiqilqyaent  of  wall 
Interference  assessment  and  correction  techniques.  Each  of  these  approaches  requires  in-tumel 
aeasureaents  and  cannot  be  used  to  predict  the  effects  of  wall  interference.  Fig.  9  shows  use  of  the 
prediction  techniques  of  Ref.  12  in  identifying  ntensive  wall  interference  effects  at  the  test  blockage 
(ratio  of  vehicle  cross  sectional  area  to  test  section  area)  condition  of  approxiaately  81  Wiich  were 
correlatible  with  wind  tunnel  drag  aeasureaents  having  lower  blockage  values.  Shown  in  Fig.  9  is  the 
calculated  distortion  (Incremental  Cp  variation)  in  swxlel  surface  pressures  as  the  difference  between  free 
air  and  that  caused  by  the  Influence  of  the  tumel  walls. 
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The  Mgnltude  end  predaaintncc  ef  cither  the  kinetic  exit  MMBntw  or  pressure  Ihrce  teras  In  Eq.  $ 
Ihr  duct  drtf  detenstnetlcn  are  ftinetlens  ef  the  duct  design  (Inlet/exit  area  ratio  defining  siAcrltlcal, 
critical  or  supercritical  duct  flou  ouer  the  range  of  operating  coidltlons  to  be  eualuaM)  and  the 
Influence  of  the  Internal  and  extamsl  flou  fields  on  the  duct  exit  static  pressure.  It  should  be  noted 
mat  the  change  In  nonentua  froa  free^traaa  to  exit  conditions  Includes  a  change  In  direction  froa 
parellel  to  the  eind  axis  to  pamllet  to  the  boitr  *>lt  (assualng  negligible  exit  Inclination  angleh 
Therefbre,  the  effects  on  lift  and  pitching  noaent  should  be  considered  and  eealuated,  not  arhltrarlly 
Ignored. 

The  free-streaa  coidltlons  In  Eq.  (SI  ve  deteralned  froa  ulnd  tumel  freestreaa  aeaauraaents  (V., 
K,  and  TjJ.  Evaluation  of  the  aodel  Internal  drag,  therefore.  It  dependent  oi  aodel  naesurtatnts  of 
duct  aass  flou.  a,  duct  exit  velocity.  Vc.  and  hict  oxlt  static  pressure.  Pr.  1h1t  requires  aeasurasent 
of  the  average  total  and  static  pressures  at  relavant  duct  axial  planet.  Ue  systaas  aay  be  aounted 
Internal  to  m  diet  and  aodel  or  axtamal  at  the  neezle  exit  plane.  Ibdelt  ulth  Intemelly  aountad  rakes 
also  require  aaaturtatnt  of  the  static  pressure  at  the  exit  plane,  uhlie  static  pressure  probes  can  be 
Includad  on  external  rAes.  Depending  upon  the  coi figuration,  cxiemally  aounted  rakes  can  be  attached  to 
either  the  aodel  Itself  or  to  the  si^rt  systaa.  Fbr  the  cate  uhare  Ihe  take  Is  attached  to  the  aodel , 
the  aodel  fbree  aeasureaents  are  Invalid.  Therefore,  tun  data  runs  are  required  -  one  Ibr  dhet  dreg  and  a 
second,  ulthout  the  rake  Installed,  for  force  and  aoaent  aeasureaents.  Houavar,  the  pressure  field  of  the 
r*e  can  affect  the  exit  aoaentua  of  the  duct  enough  to  be  slgntflcant  uhen  the  rake  Is  raaoved. 
Therefore,  It  It  rsroaiwnited  that  Internal  duct  exit  static  presaire  aaeairaaents.  In  caijunctlon  ulth 
r*e  Installed  total  pressure  data,  be  used  to  define  duct  aass  flou  and  exit  aoaantua  uhen  the  force  data 
(roke  reaoued)  Is  being  obtained,  for  tht  ease  of  the  tHpp.'rt  qrttta  aounted  r*e,  force  data  can  be 
obtained  ulth  the  rake  attached.  Hn^er,  the  rake  InstaiiatlM  aist  be  accurately  slMlated  uhen  the 
support  systaa  Interference  Is  mluated  (discussed  In  Section  4.2).  kn  additional  problaa  that  arises 
ulth  Ihe  oxtemally  aounted  rake  vstea  Is  that  of  allgnaent.  As  the  aodel  loading  Is  varied  ulth  angle 
of  attadi,  the  rake  Is  deflected  relative  to  the  aodel.  Extreae  care  Is  required  to  assure  correlation  of 
the  aeasured  pressures  ulth  the  diet  exit  geoaafry. 

The  above  discussion  Is  usually  adequate  for  sifoile  diet  systaas  ulth  relatively  unifora  flou.  For 
these  duct  systaas  and  especially  for  duct  ^ttaes  ulth  distorted  flou  (rfileh  could  be  earned  by 
separation,  supersonic  velocities  or  proxlalty  of  rake  aeanireaent  probes  to  flou  control  devices), 
accurate  deteralnatlon  of  average  duct  conditions  can  be  obtained  by  ealtbretlon  of  the  diet  systaa  and 
Instruaentatlon  In  a  aass  flou  and  thrust  (If  available)  aeatureaent  facility  to  assess  callbretlon 
factors  for  aaasured  a,  and  P^. 

Experience  has  shoun  that  the  best  accuracy  In  Internal  flou  and  drag  aeaBiraeonts  Is  achieved,  In 
descending  order,  by: 

1.  foss  flou  and  thrust  (If  possible)  calibration  of  the  duct  and  Instruaentatlon  systaas. 

2.  Ihteralnatlon  of  aess  flou  and  exit  aoaenbia  ulth  Internally  Installed  duct  Instruaentatlon. 

3.  Deteralnatlon  of  exit  total  pressure  recovery  ulth  externally  Minted  Instruaentatlon  rakes, 
foss  flou  and  exit  aoaentua  are  obtained  ulth  this  total  presaire  racovery  and  Internally  aounted  exit 
static  pressure  aeanireaent  ulth  the  rake  reaevad. 

4.  OeteraliMtIon  of  aess  flou  and  exit  aoaentua  ulth  external  static  and  total  pressure 
aeasureaents. 


5.3  Propulsion  Interactions. 

The  force  accounting  systaa  In  Eq.  (4)  Identified  Incroaental  forces  that  are  a  function  of  engine 
operating  conditions.  For  this  bookkeeping  systaa,  the  Ihrottle-dependent  drags  fall  Into  foree 
categories;  Inlet  spillage  drag,  exhaust  systaa  or  Jet-effect  drag  and  propulsion  aspects  of  aircraft  tria 
drag.  These  Iteas  are  evaluated  during  ulnd  tunnel  progreas  efolqytng  various  aodels  as  Indicated  In  Fig. 
5  and  Section  5.1. 

5.3.1  Inlet  Spillage  Drag 

Throttle-dependent  Inlet  spillage  drag  Is  defined  os  the  change  In  aircraft  dreg  resulting  froa 
the  differences  betueen  the  operating  condltlois  and  the  opereting  reference  condition  Inlet  aass  flou 
ratios.  Spillage  drag  varies  ulth  Inlet  aass  flou  ratio  as  Illustrated  In  Fig.  11.  Drag  of  the  aero- 
reference  aodel  Inlet  Fig.  11  (1)  is  Included  In  the  aero  reference  drag.  The  Increaental  drag  betueen 
(I)  and  the  foil  scale  operating  reference  caidltlon  (2)  represents  the  scale  aodel  to  foil  scale  drag 
correction  ^Oul-  differences  betueen  engine  operating  conditions  (3)  and  foil  scale  engine 

reference  conditions  (2)  are  accounted  for  as  thrattle  dependant  Inlet  drag  dF.||i  to  be  included  In  the 
net  propulsive  force. 

Inlet  splllaae  drag  Is  cofoosed  of  tuo  parts:  (I)  additive  frag,  uhleh  operates  on  the  Incoaring  air 
sllpstreaa;  and  (2)  lip  suction  force,  idilch  Is  die  to  the  change  In  prasaure  caused  by  the  nets  flou 
change  over  the  affected  surface  external  to  the  Inlet  highlight  area. 

If  the  total  surface  area  affected  by  Inlet  aass  flou  change  can  be  defined,  the  additive  and  lip 
suction  force  elenents  can  be  detararined  s^arately  ulth  an  Inlet  aodel  Incoiporatlng  wtenslve  sxrftce 
pressure  Instruaentatlon  and  Inlet  plane  aoaentaa  Instiuaantatlon  (total  and  static  prasaure).  An 
alternative  Is  to  use  the  aero4rnaa1c  reference  aodel  or  a  foecfally  designed  Inlet  drag  force  aodel.  For 
either  of  these  cases.  It  Is  possible  only  to  aeasure  the  total  Inlet  splllfoe  drag,  or  tua  ef  the 
additive  drag  force  and  lip  suction  force.  Mhichavar  aodel  approach  Is  used,  the  data  aust  be  cerrected 
for  the  Internal  flou  aoaentua  loss,  as  discussed  In  Section  5.2.  If  the  aero^naalc  reference  aodel  is 
used.  It  aust  be  possible  to  vary  the  Inlet  aass  flou  by  atans  of  Internal  raaate  coifrol  va1ve(s)  or  by 
changing  variable  porosity  ’choke*  plates  or  screens  es  Indicated  In  Fig.  12.  If  Internal  rakes  are  used 


6-9 


for  drtMfnlHt  tiM  1*Ut  MM  fiM  Md  nit  MMntin.  cart  wM  bt  takan  m  tkat  tka  ekoka  platas  or 
KratRS  art  not  locatad  nch  Ikat  tk«r  Imralidata  or  adraratly  affact  the  rMa  MawrantU. 


MCN  aiMtCa  •  CMSTART 


Fig.  11  Drag  Forca  Varlatlofl  with  Fig.  12  SchaMtlc  of  N>da1  Flow  Duct  with 

Iniat  Hin  Flow  katlo  AttarMtlra  Flow  Control  Btricat 

NtM  flow  variation  tktough  changing  tka  aodal  duct  nit  araa  (at  ihown  In  Fig.  12)  It  not 
raeoMMndad  bacauta  tha  aodal  bata  arai  It  affactad  (idilch  agy  add  an  additional  arror  taurca  In 
accounting  for  tha  ban  pranura-araa  corractloa)  at  wall  at  Ika  flow  area  (ikich  raqulrat  a  different 
rake  (nttatlatlon  If  the  nit  total  prasnra  or  nit  noaantua  It  obtained  with  ntamally  aounted  rakat). 

Howavar  the  ntt  flow  It  varied,  neclal  care  aaitt  be  taken  In  order  that  tka  vary  alight  change  In 
duct  nit  noixla  protaira  ratio,  ratulting  froa  the  flow  rata  changet.  It  nil  defined  and  doat  not  cause 
a  ehanga  In  tha  Mdal  aftarbo4r  drag  (Section  5.3.2)  that  alght  be  cenDiaed  with  or  coitldarad  to  be  Inlet 
spillage  drag.  This  can  be  a  critical  problea  bacaun,  at  flow  through  nocxla  prataura  ratios,  the  slope 
of  aftarbo^r  drag  as  a  Ainctlon  of  nozzle  ratio  prtssura  Is  at  a  aaxiaua  value. 


HACN  imicl  -  COISTAfT 


Fig  13  Drag  Force  Variation  with  bozzla  Araa  and  Nozzle  Pressure  Ratio 
$.3.2  Exhntt  Systat  Drag. 

Throttlo-dopondant  nhautt  systoa  or  Jet-effects  drag  It  defined  at  ika  change  In  aircraft  drag 
retultlrv  froa  the  difference  botwaen  the  actual  opatatlng  ccnditlon  and  tha  operating  reference  caidltlon 
In  term  of  noule  prtoturo  ratio  and  area.  For  Integral  exhaust  tystOM,  nozzle  pretture  ratio  can 
Influence  the  afterbo^r  pratture  distribution  and  drag.  Changing  nozzle  area  altars  the  aftarko^  cloture 
and  pressuro  distribution,  rdrich  In  turn  affect*  aircraft  drag.  Fig.  13  llluttratat  typical  variations  In 
aircraft  drag  with  nozzle  area  and  pretture  ratio.  Jet  effects  or  powered  aodal  tests  are  conducted  to 
evaluate  throttle  dopondont  aihoust  ustoa  drag  characterlstict  for  accountability  In  Eq.  (4).  Drag  of 
the  aero-refopenee  aiodel  nozzle  In  F^.  13  (1)  Is  Included  In  the  aero-reforance  drag.  The  Incrertsntal 
drof  botuaon  (1)  and  Iks  fbll  Kale  operating  raftrance  coidltfeo  (2)  raproMnt  the  Kale  aodal  to  full 
scale  drag  carractlon  ^Drvu  to  be  tacludod  In  the  kill  scale  drag  polar.  Drag  differencet  betwoon 
engino  operating  caiditlena  (77  end  Ike  kill  Kole  relbrtnco  coidltlont  (2)  ore  accounted  Ibr  as  Oirattle- 
dspsndint  ankoust  systsa  drag  dFgjQ)  to  be  iKludad  In  tka  net  prepalstve  force. 

The  throttle -dRpondont  Mhaust  qyttaa  drag  can  bo  Investigattd  for  an  tntagratad  piapultlon  systoa 
(o.g.,  that  shorn  in  Fig.  3)  using  a  blam  aftsrko^  iNdtl  (as  sham  In  Fig.  5)  or  a  blown  aircraft 
aodal.  The  tsra  ^toror*  refsrt  to  m  use  of  a  Mgk  praswre  ontsrrral  air  source  to  vary  nozzle  praatara 
ratio.  The  alrplano  Mdel  Inlets  are  usually  ftirrad  over  since  the  tntemal  rather  than  Inlet  airflow  Is 
oshoustod.  At  rvltk  kilot  preeadsrs,  either  a  Mdel  containing  a  Ibice  balance  or  one  rrttk  tscNnslve 
surfKe  pretture  krttnosantatlon  awgr  be  used  to  Isolate  the  raquired  fbree  iKrtmnts.  Since  the 
thretkle-dopondont  dia«  It  pradearfnantV  a  prettar*  drag,  no  Myrrelds  nsabor  corrMtlen  Is  usually 
raquired  to  relate  scale  Mdel  to  kill  scale  charmterlstlc*. 
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Dm  hffh  prtHut*  cfr  uMd  to  pravtot  the  imuU  prttMr*  ratio  to  woluate  the  Jet  Interterance  Is 
usoelly  ‘cold*  air.  For  see*  eppllcetloit.  etoeclally  afterburner  operetien.  the  anhaust  gat  tHtpemtore 
can  haire  an  Mpraclable  effect  on  the  Jet  intertorance  drag.  !n  this  cate.  It  any  be  advisable  to  either 
attohpt  tbtojatlon  of  the  engine  enhautt  gat  totoemtore  levels  or  provide  a  correction  to  account  ibr  the 
difference.*-’ 


5.3.3  Trto  Drag 

Tr^  drag  It  that  drag  associated  with  the  change  In  control  surface  positions  required  for  flight  at 
the  various  rail  scale  actual  operating  conditions  throughout  the  vehicle  flight  etwelope.  Dirottle- 
dapendant  brfa  drag  is  defined  as  the  change  In  aircraft  drag  reulting  frooi  the  difference  in  control 
surface  poeltlflas  required  far  tola  at  the  actual  operating  condition  and  that  required  for  tria  at  the 
full  scale  operating  reference  conditions  In  teras  of  Inlet  aass  flow  ratio  and  exhaust  systea  NfR  and 
area. 


The  variation  of  aircraft  drag  with  coitrol  surtoce  deflections  is  deterained  ulth  the  eerodynaaic 
farce  and  aeaent  aodel  throu^  aeasurcaent  of  aodel  drag  and  pitching  aoaent  idille  increaentally  changing 
control  surtoce  positions.  These  data  are  the  basis  for  deteralning  the  throttle-dependant  tria  force 
increaents  In  Eq.  (4)  (  dO-nmi  and  df-nia)  through  evaluation  of  aiv  aaaent  changes  associated  with 
daterainetton  of  the  thrott1e-<apendent  Inlet  spillage  and  the  exhaust  systoa  forces  discussed  in  Sections 
5.3.1  and  5.3.2. 

dl^DI  Is  Me  oatoraal  farce  Increaent  due  to  the  change  In  control  surface  position  fraa  Mat 
required  ibr  tria  at  the  aere^rnaalc  reference  (usually  aera  aodel)  conditions  to  tla  contral  surface 
position  required  far  tria  at  Me  propulsion  operating  refarence  coidltions  and  actual  center-of-aass 
location.  ^^Dtllt  **  ^  Mrottle-dqpendent  external  farce  die  to  Me  change  in  control  airtoce 

position  froa  Mat  required  far  tria  at  Me  referenoe  Inlet,  exhaust  and  center-of-aass  location  to  that 
contral  surface  position  required  ibr  tria  at  the  actual  Inlet  and  axhaist  operating  conditions. 

5.4  Boundary  Laver  Siaulatlon 

M  statad  previously,  the  norailly  low  values  of  Reynolds  nuMer  and  surface  roughness  for  subscale 
aodels  results  in  non-representative  boundary  Iqyer  conditions  (affecting  Min  friction  drag  and, 
potentially,  flow  separation)  coopared  to  Me  toll  scale  vehicle. 

Boundary  1to*r  aodlflcatlon  to  siMilate  toll  seals  flow  condltlois  (laainar  to  turbulent)  or  fix 
shock  locations,  is  usually  acconllshed  by  Installing  boundary  layer  transition  trips  oi  Me  aodel 
surfaces.  Transition  trips  noraulfy  coisist  of  glass  beads  or  carborundun  grit  eubedded  In  an  adhesive. 
Die  transition  strips  oust  be  of  sufficient  height  to  affect  boundary-layer  transition  without  interfering 
wiM  the  Mdel  drag  ueesureaents.  Requlraaents  ibr  grit  sizing  to  haet  these  coidltions  are  detailed  In 
Refs.  (14)  and  (15). 

Location  of  the  boundary-layer  transition  trips,  particularly  tor  the  wing.  Is  dependent  oi  Me  Dow 
condltlois.  For  non-critical  flow,  the  transition  Mips  Mould  be  located  Miaistreao  of  Me  leading  edge 
suction  poM  and  oaxlalze  siMilatlon  of  Me  full  scale  turbulent  boundary  layer  flow  coidltions.  For 
sipercritlcal  wings,  boundary  layer  transition  can  affect  the  Mock-wore  location  on  Me  oodel  and  Me 
presence  and  extent  of  shock-induced  separation  coto*rtd  to  Me  toll  Kale  vehicle.  Die  technique  used  to 
•Intolze  scale  effects  in  Mock-InMioed  saparated  flow  Is  to  fix  Me  boundaiy-lver  transition  point  at 
Me  proper  location  on  Me  wind  tunnel  aodel  so  Mat  Me  boundary-layer  on  the  aodel  Is  siwlated  in  Me 
region  of  Me  SMaration.  Refarence  (161  outlines  procedures  tor  location  of  Me  transition  trips.  The 
transition  trip  locations  aay  be  different  on  the  and  lower  wing  surfaces.  If  boundary-layer 

SiMilatlon  is  based  on  Mock  location  coislderatlons,  an  accounting  Mist  bo  aade  tor  Me  effect  of  laainar 
flow  Mead  of  Me  transition  trip  location  on  Min  friction  drag.  Dils  adjustaent  can  either  be  based  on 
evaluation  of  the  results  of  Remolds  nuaber  varlatlen  tests  In  Me  wind  tunnel  or  Me  theory  discussed  In 
Section  2,  Step  3. 

tobbleas  Mat  have  been  encaintored  In  wind  tursiel  prograas  relating  to  boundary-layer  siaulatlon 
Include:  (1)  lack  of  aocountablHty  tor  the  effects  of  laainar  flow  on  Min  friction  drag  Men  boundary- 
layer  siMilatlon  was  based  on  Mock  location,  and  (2)  boundary-layer  not  brippad  on  toll  Kale  wind  tunnel 
aodel.  Rernolds  nuaber  variations  Mould  be  Included  in  the  wind  tunnel  test  prograa  to  deteralne  Mat 
turbulent  flow  exists  or  provide  Me  basis  tor  correctlont  If  soae  flow  Is  laainar  (e.g.,  uhen  transition 
Is  set  to  rqpllceto  MoM  locations).  Nodal  aaiutoctorlag  procedures,  even  tor  toll  scale  aodels,  can 
reailt  In  partial  laainar  flew  conditions  on  Me  aodel  cotoared  to  turbulent  beundary-layer  coidltions  tor 
Me  flltfit  article  (aade  using  production  aeiHtoctorlng  ttchnlques  and  tolerances). 

6.  CONCUHUNG  ROWRKS  RHD  US9BIIS  LEWNED 

The  currant  stato-of-the-ert  In  wind  tunnel  tocillty  and  aodel  siaulatlon  techniques  and  pneadures 
Is  such  Mat  high  qualify  results  are  achlovMIe,  at  least  In  Me  subsonic  and  trensoilc  flight  reglats. 
Continued  btoibvaant  In  the  fidelity  of  wind  toowl  slailatlon  Is  expwtod  as  cn  applKatlens  art 
refined,  especially  In  the  areas  of  acceunteblUto  tor  the  aftocts  ef  aadal  SMport  to*MBS  and  wind 
tuMiel  wall  Intertorenee.  Highly  eocureto  results,  such  as  Mesa  rsqulrad  tor  centrKt  caaaltaents,  can  be 
obtoinud  wIM  devotion  of  sufficient  resources  to  unsure  Mat  Me  ItMit  discussed  herein  are  rl^rously 
tollawtd.  Ihtortonatoly,  attaqpts  are  cuntbnially  aade  (uMMlIy  becaite  of  perceived  Kheduling  andtor 
nauataiy  censtraliMs)  to  caiMraalse  the  fIdellM  of  the  stoulatlen  prugvMi.  This  luuarlMly  produces 
advarse  results  requiring  eddftlonal  reeiurees  to  correct  Me  probTuas  raseltlng  froa  Mote  cutotoNloet. 

Rtbimtni  to  Fig.  1,  Me  overall  lessens  learned  CHcernlng  the  dreg  prndictlen  process  Include: 

0  A  force  aeceuiMIng  tyutua  aust  be  Menttfted  at  Me  IncMtlen  ef  a  pragraa.  This  aystea  aust  be 
cwtootlble  wIM  Me  aere^nuale  and  prapulstai  todM*  heleg  avalaatad. 
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0  Ttw  K«1t  Mdtl  tests  to  support  this  sccountlng  systsa  uust  be  conducted  In  «  fsclllty  of  know) 
flow  quelltr  using  proven  test  techniques  end  procedures  designed  to  enhance  the  fidelity  of  the 
slauletlon. 

0  Seeling  of  the  wind  tunnel  results  for  the  effects  of  Reynolds  nuuher  on  skin  friction  drtg  should 
be  bated  only  on  flit  plite  turbulent  boundtry-liyer  theory. 

0  Adjustaent  of  the  wind  tunnel  drag  aeasureaents  for  the  effect  of  Iteas  not  represented  (or 
practical  for  representation)  on  the  wind  tunnel  aodel  should  be  realistic. 

Specific  lessons  learned  to  ensure  fidelity  of  the  wind  tunnel  shailatlon  Include: 

0  It  Is  absolutely  necessary  to  undorstand  and  account  for  the  effects  of  aodel  support  systaas. 

0  The  potential  effects  of  wind  tunnel  wall  Interference  should  be  defined  and  accounted  for.  If 
required. 

0  The  effects  of  aodel  Internal  flow  wst  be  accurately  Isolated. 

0  The  effects  of  propulsion  systea  Interactions  aust  be  thoroughly  evaluated. 

0  Soundiiy-layer  slaulatlon  oust  be  thoroughly  understood  to  provide  the  proper  corrections  to 
flight  Reynolds  nuaber. 
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KEASUUMEliT  OSCQtTAUiTt  OF  TSZ  AGAftD/FS  unFOM 
ENGINE  TEST  PtOOUM 

J.P.K. 

R«eloaAl  A«ro«F*c«  Laboratory  NLK 
Poacbua  90502,  1006  BM  Aaatardaa, 

Tba  Matbarlaada 


SiatlAftT 


la  eha  AGAKD/PSP  Onlfora  Englaa  Taat  Program  (VET?)  tvo  anglnaa  vara  ttatad  la  8  facllitlaa  In  5 
dlffaraat  couacrlaa  to  coi^ara  Maourlag  practioaa  and  raaulta.  Tba  uadarlylag  raport  glvaa  an  ovarvlav  of 
tha  USTP  with  tfaa  aaphaala  oo  Oneartalacy  AasaaoMat  aceording  to  tba  aathod  propoaad  by  Dr.  Abaraathy,  In 
idilcb  tha  total  Oaeartalaty  la  apllt  la  a  raadott  arrer  (acattar,  praclaloa)  and  a  bias  arror  or  offsat. 

Tha  raaulta  ahov  that  tha  randoa  arror  la  sasII  but  that  appraelabla  bias  arror  axlata  batvaan  participants. 

I.  ZimoOUCTZON 


Tha  Oalform  Eaglna  Taat  Progran  vaa  Inatlgatad  In  1980  by  tba  than  Chalman  of  tha  Propulsion  and 
Bnargatlca  Panal  of  AGABD,  Prof.  E.E.  Covart,  to  coapara  angina  parfonanca  as  naaaurad  In  dlffarant  taat 
calls.  Slallar  prograaa  hava  boon  azaeutad  cooparing  parfomanca  of  a  standard  aaroplana  or  nlaalla  nodal 
In  dlffarant  vind  tnanala.  In  tha  caaa  to  ba  praaantad  tha  eonparlaon  la  hlndarad  by  tba  fact  that  eha 
taat  Itan  doaa  not  naeaaaarlly  stay  tha  sana  throu^out  tha  tasting  parlod.  To  chock  for  posalbla 
datarloratlon  or  altarstlon  of  tha  angina  charactarlatles  It  was  arrangad  for  tha  angina  to  ratum  to  tha 
first  alta  for  Its  last  tast,  to  try  to  allnlnsta  posalbla  slta  affacta  fren  tha  eonparlaon. 

An  sdvantaga  of  tasting  an  angina  as  co^arad  with  a  vlnd  tunnal  nodal  Is  tha  fact  that  tha  rasults 
of  dlffarant  naasuranants  ara  to  aone  aztant  Intardapandant  through  thamodynaale  ralatlona,  which  can  be 
usad  to  chock  tba  results.  On  tha  other  hand  tha  configuration  of  a  nodam  high  prassura  angina  nust  vary 
considerably  over  its  running  range,  which  can  introduce  dlscrapanclas  due  to  -  for  Inatanca  -  sll^t 
dlffaraneas  In  tha  setting  of  tha  variable  stator  vanes.  As  a  naaaurlng  progran  which  covers  this  by 
tasting  St  dlffarant  settings  would  ba  prohibitively  azpenslva,  an  older  angina  type  was  chosen  with  a 

f  of  variable  configuration,  l.a.  only  on/off  Intarconprassor  bleed  valves,  and  tha  engine  was  Ccstad 
only  over  the  hl^er  thrust  range  with  tha  bleed  valves  closed* 

To  ensure  the  best  possible  conparablltty  and  to  safeguard  against  failure,  two  engines  were  usad 
with  a  raferanee  InstruMintatloo  package,  containing  pitot/statle  rakes  for  in-  and  outlet  together  with 
tharwocouplas  to  datamloe  average  flow  conditions.  Fig.  1)  shows  the  different  stations  In  tbs  angina 
which  ware  Instnascntad  to  sows  extent;  aora  so  than  would  ba  the  case  on  a  production  engine  test,  but 
not  as  axtanslvaly  as  on  a  davelopiMnt  engine.  A  General  Test  Plan  (GTP;  ref.  1)  gives  details  of  the 
InstruBsntac Ion . 

Tha  probes  and  duplicated  fuel  flow  asters  travelled  with  the  engines;  each  facility  used  its  own 
transducers  and  recording  systen.  Apart  frow  the  reference  systen  each  participant  used  Its  standard  teat 
cell  Instrasntstlon  to  detemlne  flow  conditions  and  engine  parfonanca,  including  separate  fuel  flow 
■eters  and  a  thrust  stand. 

An  Altitude  Test  Facility  consists  of  nachlnery  to  provide  engine  Intake  air  at  the  total  pressure 
and  te^aratura  raprasentatlve  of  the  desired  fli^t  conditions,  while  additional  Mchlnery  maintains  the 
cell  pressure  and  therefore  the  exhaust  back  pressure  at  the  value  equal  to  the  static  pressure  at  flight 
altitude.  Tha  engine  Is  usually  run  "connacted**  to  the  intake  piping,  l.e.  not  with  a  representative  Intake 
and  not  with  outside  flow  apart  froa  call  ventilation.  Fig.  2)  gives  a  typical  test  cell  without  the 
extansiva  Installation  required  for  air  conditioning.  Between  engine  and  test  cell  is  a  sliding  seal  which 
does  not  transnit  axial  forces  -  or  only  known,  swell  ones  -  ;  the  thrust  waasured  results  froa  the  lapulae 
difference  of  tha  air  asas  flow  through  the  engine  In  this  arrangeaant.  It  is  not  necessarily  equal  to  the 
In-fli^t  thrust,  but  this  value  can  ba  calculated  froa  the  aeasureasnts.  In  a  "connected"  test  interference 
affects  like  pre-entry  drag,  intake  efflclaacy  and  post-exit  thrust  cannot  be  evaluated. 


2.  TEST  FBOGBAM 


Tha  anginas  ware  tasted  at  10  conditions  which  exercised  the  ATF  over  a  large  part  of  Its  capability, 

TMLE  I 

Test  Conditions 


p  - 

12 

7.5 

5.0 

3.0 
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K 
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1.00 

1.06 

1.30 

1.70 

• 

St 

0.29 

0.62 

0.90 

Ita 

Not  all  eo«blnatlons  ware  tasted,  aad  In  sows  eases  a  test  was  added  at  a  condition  as  close  to  sea  level 
static  as  tha  capability  of  tha  ATF  allowed,  so  as  to  have  a  rafaranca  for  a  static  cast  bad.  Tasts  ware 
doaa  la  5  eooatrlaa  at  8  facilities,  A  of  lAich  ware  ATF 


TA»LK  II 

List  of  Porttclpottto  (la  ordor  of  tooting) 

typo 

1)  NASA  Lowlo  toaoorcli  Coator  (LoBC)  ATP 

Glovoload»  Ohio#  OSA 

2)  Arnold  Baglnoerlag  Dotrolopaont  Crator  (AEDC)  ATF 

Arnold#  Tonnooooo#  USA 

3)  Hotloool  tooooreh  Contor  of  ^***0110  (HtCC)  g^  level 

Ottewe#  Ontario#  Cenede 

4)  Centre  d'Beeele  dee  Propuleeure  (CEPr)  ATF 

Seeley#  Freace 

3)  end  level 

6)  Engine  Overhaul  Dlvlolon  Turkleh  Air  Force  (TuAF)  g^  level 

Ankere#  Turkey 

7)  Royal  Aircraft  EatabllalMent  (RAEPy)  ATF 

focaerly  Rati  Gaa  Turbine  Bat. 

Pyeetock#  Baapablre#  OK 

8)  Haval  Air  Propulalon  Center.  (NAPC)  open  air 

Trenton#  New  Jereey#  OSA 

the  englnee  were  re tented  ct  IRCC  and  at  LeRC 

At  each  condltloa  the  englnee  were  tented  in  9  atepa  over  the  full  thruat  range  with  Intercoapreeeor 
bleed  valvea  cloned#  which  neene  aucceaalvely  netting  up  a  aiaber  of  valuee  of  hl^  preaaure  apool  RPM 
(N2)#  holding  each  point  till  condltlona  are  etablliaed#  and  then  ^Hwg  a  recording  of  ell  paranetera.  In 
the  aubject  cnee  etablllaatlM  tinea  of  2*3  nine  were  uaed  to  nettle  Internal  tenperatureo  (and  therefore 
blade  tip-  CAd  labyrinth  aeal  clearancea)#  after  which  two  recordlnga  were  node.  During  thin  etabllleatlon 
tine  engine  output  nay  change  eeveral  percent.  The  Interfacility  coaparleon  waa  node  at  the  Target  Value# 
which  waa  approximately  mid-range  of  the  teata. 

Bach  facility  prepared  a  teat  plan  baaed  on  the  General  Teat  Plan  (ref.  1)  with  an  a-prlorl  eatlmate 
of  the  accuracy  expected  to  be  attained.  Meaaurlng  reeulte  were  validated  within  the  facility  end  then 
reported  to  an  evaluation  team  conalatlng  of  the  facllltlea  who  had  already  tented  and  a  nu^er  of  experta 
comprlalng  Working  Group  13  of  AGARD/PEP.  Ita  reaulta  are  reported  In  Ref.  2)*  The  reeulte  of  the  Accuracy 
Aaseaament  were  analyaed  by  a  Sub-Group  of  WG  13.  Prom  ita  flndlnga  an  AGARDograph  haa  been  prepared  (ref. 

3)  of  which  the  preaeot  report  la  an  abatract.  The  Intereated  reader  will  find  a  lot  more  detail  In  the 
Rafarencea  givao. 

3.  DNCERTAUm  MKTHODOLOCT 

3.1  Error  typea 

The  uncertainty  aaalyaia  uaed  ia  the  method  proponed  by  R.B.  Abernathy  and  J.V.  Thompaom  in  the  Handbook 
Uncertainty  in  Gaa  Turbine  Neaaurement  (Ref.  4).  According  to  thla  method  the  total  Uncertainty  (U)  can  be 
apllt  up  in  a  random  error  (acatter  (S)#  preclalon)  and  a  blaa  (B)  or  of feet#  which  la  ayatematlc  but  In 
flret  Inatance  unknown  -all  known  offeeta  are  corrected  for  by  calibration. 

RABPy  uaed  to  work  with  the  NIOAP  claaalflcation  (ref.  5)  which  la  fact  aplita  up  the  blaa  error  in  a 
day-to-day  variation  and  a  long  term  variation.  By  introducing  the  *^flned  Meaaurenent  Proceaa”  (DNP) 
both  modela  can  be  reconciled;  any  errora  which  vary  in  thla  proceea  are  claaalfied  aa  acatter#  while  a 
fixed  error  ia  blaa.  The  latter  can  therefore  only  be  found  by  comparing  the  reeulte  of  eeveral  MP'a. 

Thla  haa  the  conae^ence  that  errora  may  change  claae  according  to  the  extent  of  the  DMP.  In  flret  Inatance 
a  reeult  may  be  determined  from  a  leaat  aguaree  curve  fit  of  a  number  of  teata#  which  conatltute  a  DHP. 
Cohering  a  niaber  of  auch  reeulte  from  different  hut  colorable  Dlff*a  conatltutea  e  new  DMP  In  which  a 
leaat  aome  of  original  blaa  errora  appear  aa  acatter. 

The  above  proceea  aervea  to  eatlmate  part  of  the  blea  error;  thla  aaauMa  that  miatakea  and  mel- 
functlona  (like  leakage  or  defective  inatrumenta)  have  been  eliminated.  Thla  can  be  done  by  careful  control 
that  Che  right  callbrationa  have  been  uaed  and  comparing  redundant  Inatrumenta  or  neaaurementa #  e.g. 
reducing  the  engine  parametera  to  atandard  aee  level  condltlona  for  compariaoo.  Other  poaalbllitlea  la 
thla  field  are  to  calculate  non-engine  related  parametera  like  the  noaale  flow-or  thruat  coefficient.  To 
facilitate  evaluation  of  thla  the  englne'a  original  centerbody  noaale  haa  been  replaced  by  aa  extended 
conical  noaale  with  rake  Inatrumentatlon  (aee  ref.  1). 

3.2  Error  Evaluation 
3.2.1  Prediction  SynCheala 

For  error  prediction  by  ayntheala  a  complete#  exbauative  Hat  muat  be  made  of  every  poaaible  error 
for  all  meaaurementa  that  affect  the  end  teat  reault.  Theae  can  be  growp.*d  ia  categorlea  aa  followa  (aee 
fig.  3): 

1)  elemental  errora  in  determination  of  the  Baalc  Finical  Parametera  l.a.  presaure#  temperature#  force# 

length  and  time  or  fre^iuaacy.  Theae  can  be  awbdivided  ia  the  following  groupa: 

a)  Calibration  Hlerare^;  l.a.  relation  to  a  atandard 

b)  Data  Aaguiaitiom  due  to  outalda  Influencaa  on  data  tranamlaaion#  tranaducer#  aignal  condltlonlmg  and 
racordi^ 

c)  Data  Reduction#  e.g.  reaolutlon  and  curve  fit  errora 

d)  Ron-Inatrumant  or  Seaaor  Syatem  errora#  for  Inatanca  probe  errora#  Thruat  Zero#  pipe  awirl  in  a  fuel 
flow  mater 
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2)  Krrort  In  th*  <i«c«raliuitioo  of  tho  lapuc  ParMotoro  lAieh  daflsia  th«  offoctty*  valuaa  in  tha  angina. 

HhiB  arror  la  eonoaecad  with  cha  ntaibar  of  tranadueara  uaad  and  poaalbla  pattarn  varlatlcm  and  can  ba 
cloaaly  ralaCad  Co  ld>« 

Tha  total  btaa  and  praclalon  tan  ba  dacatalnad  by  adding  cha  alaaantal  contrlbutlona.  If  thaaa  ara 
unralatad  cha  boat  aaciaata  la  by  Root-Su^Squara  (RSS)  addition  In  aach  eatagory.  An  ovnrall  aatlaata  of 
Cha  OnearCalnCy  of  a  alngla  taac  raaulc  can  chan  ba  glvan  by  combining  blaa  and  nracialon  arror.  Oaually* 
hovavar,  praelaloo  la  baaad  on  aCatiatlca  of  eallbrationa  or  of  pravioua  taac  raaolca*  idilla  blaa  arrora 
hava  an  alaAtnC  of  anglnaarlng  Jndganant.  Tharafora  it  la  not  atrletly  corraet  to  add  both  eoncrlboelona 
inco  a  alngla  Oncartaincy  valua  vlth  a  atatlacieal  eonfldanea  laval.  Abamathy  givaa  two  valuaa,  with  cha 
follovlag  affactlaa  confldanea  laoala»  t.a. 

Dadd  •  B  +  C9S.$  <appr.  covaraga) 

Ur».  -  /»'  +  (t95.S)*  Uppr.  95X  conraLge) 

In  ohieh  t9S  •  2  for  nora  chan  30  dagraaa  of  fraadoai. 

Tha  angina  Parformanca  Paranatara  -  tha  noac  t^ortanc  being  Tbruat,  Specific  Fual  Conauaptlon  and  Air 
Flow  >  ara  ralaCad  nathanatleally  to  tha  above  naaad  Input  Paraaatara.  To  calculata  Cha  Dncartalnty  in 
auch  a  Parforaanea  Paranatar  Cha  Influanea  Coafflclanta  auac  ba  datanlnad#  which  can  ba  dona 
nathanatlcally  by  parturbtng  tha  aquation  (glvan  In  taf.  1)  over  a  aowll  range;  a.g.  1  or  22*  of  tha  Input 
Paranatara.  An  axaapla  la  glvan  In  Table  HI;  tha  reaulting  blaa  and  acattar  can  than  again  ba  found  by 
RSS  addition.  Aa  tha  way  a  Parforaanea  ParaAatar  la  dateralnad  dapanda  to  aoaa  extant  on  tha  Inatallatlon, 
tha  Influence  Paroetara  of  cha  different  facllltlaa  are  not  directly  conparabla. 

Thera  la  one  aora  aource  of  arror  whan  the  Target  Point  la  datarainad  froa  a  curve  fit  at  a  certain 
value  of  a  coaperlaon  peraaecert  If  chat  peraaatar  Itaalf  la  aubjact  to  arror.  Ihla  Curve  Slope  Efface  can 

ba  datarainad  aaAy-Ax  where  and  are  tha  Influence  Coefficlenta  of  tha  Parforaanea 

PacaaaCara  y  and  a,  i.e.  the  partial  darlvatlvaa  due  to  variation  of  the  Input  Paraaatata  x*  and  dy/da  la 
Che  curve  alope.  Thle  latter  value  la  particularly  large  when  ualng  high  praaaure  apool  RM  (N2) ;  thla  la 
tharafora  not  a  vary  aultabla  coaperlaon  paraaatar. 

3.2.2  Taac  Data  Analyaia 

Prediction  Sjrnthaala  la  aaaantlal  to  find  out  If  there  ara  any  weak  llnka  in  cha  aaaauraaant  chain 
and  It  la  uaaful  aa  a  rafaranea  aa  to  what  dlacrapanclaa  can  ba  tolerated  during  taaclng  and  aa  aa  aid  In 
trouble  ahooting.  For  auparviaing  tha  teat  raaulca  a  Taat  Data  Analyaia  nuat  ba  parfonaed,  preferably 
on-line  aa  then  the  teecs  can  be  repeated  or  halted  If  required  with  a  nlniaun  of  waatad  effort. 

Taat  Data  Analyaia  can  ba  a  check  on  tha  variation  of»  or  on  outllara  In  apaclfie  parasacara  during  a 
alngla  taat  or  It  can  ancowpaaa  aucb  a  check  on  tha  and  raaulta  of  a  nuidbar  of  taata»  conatitutlng  a  BMP. 

In  cha  latter  case  it  la  poaalbla  to  calculata  cha  Randon  Error  Lintt  of  Curve  Fit  (RELCF,  aaa  raf.  6) 
which  la  a  waaaura  of  tha  acattar  within  thla  BMP.  tha  RELCF  givaa  cha  llatca  on  both  aidaa  of  a  fixed 
curve  within  which  cha  true  curve  la  axpactad  to  lla»  within  952  probability. 

Aa  waa  dlacuaaad  in  3.1  thla  acattar  containa  aowe  of  the  blaa  arrora  of  the  conatitutlng  ceata»  but 
by  no  neana  all  aa  a  nwber  of  usually  consacutlva  taata  la  not  truly  Independent.  Therefore  blaa  arrora 
raaain  which  can  ba  found  by  cowparli^  and  raaulta  of  preferably  diffarant  facllltlaa*  If  thaaa  differ 
•ora  than  tha  RELCF  valuta.  Hopefully  thaaa  dlffarancaa  will  ba  within  the  predicted  blaa  arrora*  othervlaa 
tha  prediction  nuat  hava  mlaaed  an  l^ortant  aourca  of  blaa  arror. 

It  la  aaphaalaad  that  an  outlier  nuat  only  ba  skipped  after  analyaia  If  a  good  technical  raaaon  la 
found;  cha  analyaia  way  ahow  up  hidden  fault#  In  cha  loatruaantatlon  or  In  cha  aat«up  for  the  axparlaant. 

4.  INSTRUMENTATION  AND  CALIBRATION  5T5TEM5 

Tha  diffarant  participants  uaa  ayataaa  for  chair  facility  aaaauraMnta  which  differ  In  n\^ar  and  poaltlon 
of  probes*  In  nuabar  of  tranaducara  and  In  cycle  tlaa.  The  rafaranea  probe  ayataa  la  tha  eras  for  all*  but 
in  one  case  rake  probes  ware  aanlfold  before  recording.  Moat  facllltlaa  uaa  •achanlcal  scanning  for 
praaauraa*  where  a  nuiAar  of  praaaure  lloaa  ara  connaetad  in  aaquanca  to  a  alngla  tranaducar.  In  aavaral 
caaaa  ralatlvaly  large  voluaa  high  accuracy  tranaducara  ware  uaad*  which  require  line  praaaure  to  ba 
atablllaad  after  awlcchlng,  reaulting  in  a  ralatlvaly  long  cycle  tlaa  (1  mlnuta  or  aora). 

Scat  facllltlaa  had  aach  praaaure  line  connected  to  ita  own  crana^car  -  in  one  caaa  avan  to  two  - 
and  uaad  alacCroolc  acattning.  In  chat  caaa  tba  cycla  tlaa  can  ba  in  tha  order  of  a  few  aaconda*  and  aavaral 
acana  can  ba  aada  In  2(V30  aaconda*  which  allowa  a  cheek  to  ba  Bada  on  unataadlnaaa  of  Inatruaanco*  angina 
and  facility.  During  aach  dwell  -  l.a.  cha  tlaa  a  certain  tranaducar  la  eomiactad  to  tha  racordar  ayatan  - 
a  nuabar  of  raadlnga  (n)  can  ba  aada  which  axarelaaa  tba  algnal  condltlooar  and  tha  analog-to-diglcal 
cottvartar*  raduclng  aoaa  of  cha  arrora  with  /n.  Tba  tranaducar  arror  la  not  reduced  bacauaa  cha  eranaducar 
la  not  axarelaad.  To  pravant  allaalng*  tba  tranaducar  algnal  mat  go  through  a  low  paaa  flltar  eoapatibla 
with  cha  reading  frequency. 

Calibration  waa  ganarally  dona  at  laaac  onea  a  day  ualng  a  aaparata  calibration  nanifold*  with 
rafaranea  valuta  alao  Maautad  by  laboratory  atandatda.  Aa  antoaatically  calcnlaead  flrac  or  aaeond  ordar 
curve  la  than  uaad  for  the  taata  chat  follow.  NASA  FBL-A  In  tha  taat  of  cha  raturnad  anglnaa  could  do  thla 
on  cfltand  or  aotoaaclcally  ovary  20  alna.  Vith  nachaalcal  aeaanlng  aona  taat  pointa  can  ba  includad  in 
tha  acan  to  glva  a  chock  on  txai^ucar  rallablllty. 

5.  RESULTS  OP  THE  ACCURACt  ASSESSMENT 

In  firat  laatanca  tha  aatlaatad  blaa  and  acattar  for  tba  naln  Parforaanea  Paraaatara  Tbrnat*  SFC  and  Airflow 
vara  ccaiparad  and  found  to  vary  eonaldarably  batwaan  partSclpaaca.  Tharafora  It  waa  propooad  to  go  into 
furtbor  dotall  In  tha  aatlaaclon  procadnra.  To  this  a^  tha  North  Aaarlean  facllltlaa  put  t^athar  an  Error 
Audit  nhldk  datallad  Itaaa  to  ba  eonaldarad  for  oaeh  of  tbo  Basic  fh^lcal  Paranatara.  An  aaaipla  la  glvan 
In  Tabla  IV,  Tha  arrora  wart  to  ba  avaluatod  at  Targat  Point*  for  a  low  altltnda  casa  and  for  hl^  altltuda* 
wbara  tha  naaaurad  valuta  ara  awallar  and  In  nany  casaa  dia  rolatlva  arror  largar. 
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Fig,  4,  S»  6  ttd  7  givtt  thm  crrm  for  eho  ntjroiool  ForoMtoro.  Olfforo&t  focUltlM  toad  to 

froug  ClMir  onroro  togotbor  dliforontly  and  ehoy  do  not  ogroo  obleli  $tovf  la  aoat  atgalf leant.  Partly  this 
roflaeta  raal  dilfaroocM  In  tha  total  Inatrmnantatloa  ayataM»  but  alao  ■odallliit«  l«a«  aeeounting 
dlffarancaa  play  an  iaportant  rola.  A  lot  of  dlacoaalon  took  place  about  tbla  aaaaaaBont  and  althou^  full 
agraoMnt  could  net  ba  caackad  tha  final  raaulta  oara  aoeh  cloaar  than  tha  Initial  valuaa.  Sona  critical 
ItaM  era  Mnclaoad  undamoath. 

Stand  fipreo  coaatltutaa  the  larger  part  of  angina  nat  throat;  tha  alactrleal  calibration  la  highly 
raptodacina»  but  tha  tact  atand  aaro  la  a  critical  itan,  aapaclally  at  altituda. 

A^.Flou  la  in  moat  eaaaa  uaaaurad  by  datamlalng  alrapaad  la  a  aactlon  of  tha  intaka  tuba;  If  thia  la 
taken  too  vlda  tha  apaad  la  lov  uhleh  dacraaaaa  accuracy*  whUa  a  Mall  aactlon  nay  glva  trouble  dua  to 
boundary  layer  grovth  In  tha  dluargant  aactlon  loading  Into  tha  angina.  Airflow  la  not  directly  a 
parfornanca  paranatar  but  It  la  naadad  to  correct  tha  Intaka  nonantun  drag  to  arrive  at  tha  true  net  thruat 

value. 

Fuel  Flow;  In  all  but  one  eaaa  turbine  type  flow  natara  ware  uaad.  Although  tha  accuracy  ranalna  a  conatant 
parcantaga  of  tha  value  naaaurad  over  noat  of  the  range*  thin  type  of  natar  la  aanaltlva  to  awlrl  in  the 
plpaa  idkich  can  ba  inducad  by  banda  and  It  la  doubtful  whathar  Introducing  a  atral^t  and  of  piping  and  a 
flow  atral^tanar  before  and  aftar  tha  tranaducar  aufflcaa  to  ranova  thia  error  In  all  eaaaa. 

Fraaaura  error  varlaa  over  tha  Inatrunant  naaaurlng  range.  Different  facllltlaa  uaad  a  conatant  parcantaga 
over  a  fraction  of  tha  range  varying  iron  1/3  to  4/5.  Below  thia  range  tha  abaoluta  error  la  aaauaad 
conatant*  which  naana  an  Incraaalng  parcantaga  error  (aaa  fig.  S). 

Tanperatura  bias  error  waa  ganarally  taken  to  ba  0.5  to  1  C*  but  no  agraanant  axlatad  about  arrora  for 
tharnocou^aa  and  raalatanca  probaa. 

Tha  final  raaulta  for  tha  accuracy  of  tha  Engine  Parfornanca  paranatara  are  given  In  fig.  9) .  Thia 
abown*  daapita  tha  above  dlaeuaaad  detail  dlffarancaa*  that  in  noat  eaaaa  raaaonabla  agraanant  axlata* 
ancapt  that  AEDC  clalna  a  lower  error  at  altitude*  and  cenaa  out  with  a  aonawhat  higher  error  at  low 
altitude.  Tha  pracialon'-  and  blaa  arrora  are  given  aaparataly  for  different  altltudaa.  RA£Py  haa  dona  an 
In-dapth  Poet  Teat  Analyala  of  chair  RELCf  valuaa  (aaa  fig.  10)  and  concludaa  that  quite  go^  agraanant 
azlata  batwaaa  predicted  and  obaarvad  valuaa*  but  that  randon  error  la  anall  relative  to  the  poaalble  biaa. 
An  anm^la  la  given  la  fig.  11  for  tha  thruat  eoafflclMt  which  ahowa  that  tha  envelope  covering  all 
coodltlooa  in  one  facility  doaa  not  quite  cover  that  of  another  facility*  showing  that  blaa  arrora  do  axlat. 
In  Mat  eaaaa  Chare  la  no  apparent  ayacanatic  variation  of  tha  thruat  coefficient  with  naaaurlng  condition 
within  the  facility. 

6.  CQKCLUDING  STATEHEMIS 

1)  Thera  la  raaaonabla  ovarall  agraanant  in  the  aacood  error  aaaaaanant  of  the  participating  facllltlaa* 
after  axtanalva  dlacuaalon  and  tha  aacclag  up  of  an  Error  Audit. 

2)  Thera  la  no  detail  agraanant  about  arror  aourcaa.  Thia  nay  raflact  raal  dlffarancaa  In  inacmnantaclon 
ayatana*  but  alao  tha  accounting  dtffara*  even  within  the  Error  Audit  fornac. 

3)  Tha  eallbratloo  error*  which  la  uaually  glvan  aa  a  parcantaga  of  full  acalt  output  by  the  nanufacturar* 
can  ba  reduced  appreciably  and  kept  a  conatant  parcantaga  to  a  fraction  of  P50  by  anploylng  wultlpla 
caltbratlona  during  tha  teat  period  and  applying  the  raaulta  aa  the  taaCa  prograaa.  Uaually  higher 
order  than  llnaar  la  anployad. 

4)  Noo-lnatrunantatlon  -  or  Sanaor  SyaCan  affacta  are  difficult  to  quantify.  They  are  a  potent  Source 
for  blaa  arrora  which  do  not  nacaaaarlly  reduce  with  tha  value  naaaurad  and  tharafora  can  have  a  large 
relative  affect  at  altituda. 

5)  Poat'-taat  analyala  ahowa  tha  randon  error  to  ba  anall  ralaclva  to  the  poaalbla  blaa  arror.  Thia  la 
ahowa  la  tha  raaulta  by  tha  fact  chat  Raodon  Error  Llalta  of  Curve  Fit  for  different  facllltlaa 

'  often  do  not  cover  each  ocher. 

6)  It  la  aaaantlal  to  check  the  teat  raaulta  lo-houaa*  firat  for  arrora  and  nalfunctlona*  and  aacondly 
for  c<maiatancy*  reducing  the  naaaurad  valuaa  to  non-dlnanalonal  paranatara  and  calculating  noacla 
eoafflelanta*  lAlch  should  not  ba  asglaa-^apaodant. 

7)  Thera  ia  a  trend  towards  tha  use  of  nultipla  tracaducara  with  alactronlc  acaanlng  for  transient  tatting* 
with  nachanlcal  acaanlng  only  being  uaad  for  periodic  oo-llna  calibration. 

8)  Thia  baa  bean  a  noat  uaaful  asarclaa  In  all  Ita  aapacta*  that  la  tha  actual  taatlng*  validation  of 
the  raaulta*  and  tha  accuracy  aaaaaanant.  Tha  laae-ai^rlancad  parclclpaata  have  obviously  laamad  a 
lot*  but  alM  the  big  faeillciaa  have  gained  by  exchanging  anglMcrlng  practlcaa. 

The  author  would  Ilka  to  thank  all  tha  nanbara  of  WIS  for  tb^lr  ganaroua  aaalatanca*  without 
which  thia  docMMnt  could  not  have  bean  prapacad. 
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SUMMARY 

In  the  past  several  years,  a  standard  aeasureswnt  uncertainty  nethodology  has  been 
adopted  by  the  SAE,  A8ME,  AIAA,  ISA,  JAMNAF,  and  ISO  (draft  status)  .  This  standard 
methodology  has  significantly  improved  the  ability  to  resolve  and  understand  measurement 
systems  accuracies  in  the  Engine  Teat  Facility  IETF)  at  ABDC.  This  paper  overviews  the 
measurement  accuracy  assessment  methodology  and  its  development  background.  The  pro¬ 
cedural  steps  in  making  an  uncertainty  analysis  are  reviewed,  and  typical  results  of  an 
analysis  effort  are  illustrated  by  reviewing  the  eleswntal  errors  and  uncertainties  for 
state-of-the-art  measurement  syatesis  used  in  simulated  altitude  tests  of  air-breathing 
engine  propulal<»  systems.  Typical  elemental  and  combined  uncertainties  for  measured 
values  of  pressure,  force,  flow,  and  temperature  and  uncertainties  of  propulsion  system 
thrust  and  specific  fuel  consumption  performance  parameters  are  Included. 

LIST  OF  SYMBOLS 

B  The  eatiaiate  of  the  upper  limit  of  the  bias  error,  either  By  or  By 

By  The  estimate  of  the  upper  limit  of  the  bias  error  for  an  individual  measurement 

obtained  by  root-aum-squaring  the  measurements  eleswntal  bias  errors 
By  The  estimate  of  the  upper  limit  of  the  bias  error  for  a  calculated  performance 

parameter  obtained  by  propagating  the  measured  parameters  By's  through  the  per¬ 
formance  parameter  equation 

n  The  number  of  independent  random  samples  of  the  underlying  normal  distribution 

(sample  size) 

S  The  engineering  estimate  of  the  population  data  set  standard  deviation  a,  either 

By  or  8y 

Sy  The  estlamted  standard  deviation  of  an  individual  sample  calculated  free)  n  sam¬ 

ples  (see  Bq,  (2.3) ) 

Sy  The  estimated  standard  deviation  of  the  mean  of  n  samples  (see  Bq.  (2.4)) 

Sy  The  estimated  standard  deviation  of  a  calculated  performance  parameter  obtained  by 

propagating  the  measured  paraswters  Sy's  through  the  performance  parameter  equation 
Sy  The  estimated  standard  deviation  of  the  mean  of  n  samples  of  the  performance 

parameter 

tgj  The  95th  percentile  point  for  the  two-tailed  student's  't*  distribution;  the  tgj 
value  la  a  function  of  the  number  of  degrees  of  freedom  used  in  calculating  E 
U  The  uncertainty  or  largest  expected  error.  Defined  as 

Additive  Model:  Vypp  =  l^B  +  tgs 

or 

/  9  (tacS)^ 

Root-Sum-Square  Model;  Uy3g  •  t  y  (B)^  *  - ^ - 

X  An  individual  measurement,  sometimes  called  an  observation  or  reading 

y  A  calculated  performance  parameter 


1.0  INTRODUCTION 

In  1965,  JAHHAF,  then  called  ICRP6  (Interagency  Chemical  Rocket  ,Pro]^lslon  Group), 
organised  a  Performance  Standardisation  Cosmilttee  to  develop  measurement  uncertainty 
standards  for  the  rocket  engine  industry.  A’  survey  of  the  industry  showed  that  there 
were  many  different  uncertainty  assessment  swthods  in  use.  The  work  of  this  cossnittee,  a 
rocket  uncertainty  methodology  (Ref.  1),  was  published  in  1968  and  received  widespread 
acceptance  in  the  propulsion  cemmunity.  The  successful  application  of  the  roc)cet  method¬ 
ology  to  gas  turbines  inspired  the  QSAF  Aeropropulsion  Laboratory  in  1973  to  produce  a 
similar  handbook  specifically  treating  the  gas  turbine  measurement  process.  This  docu¬ 
ment  (Ref.  2)  was  given  worldwide  distribution  by  the  DSAF  and  was  widely  used  within  the 
aerospace  Industry.  In  1980,  the  Instrumoit  Society  of  America  reprinted  the  DSAF  docu¬ 
ment  as  an  ISA  Handbook  (Ref.  3).  Many  technical  societies  (SAE,  Ref.  4;  ASHE,  Refs.  5, 
6,  and  7;  AIAA,  Refs,  8  and  14;  and  ISO,  Refs.  10  and  11)  have  adopted  the  uncertainty 
mathodology  and  produced  documents  applying  it  to  specific  measureswnt  processes. 


*Tha  research  reported  herein  was  performed  by  the  Arnold  Engineering  Development 
Center  (ABDC) ,  Air  Force  Systems  Command.  Work  and  analysis  for  this  research  were  done 
by  personnel  of  Sverdrup  Technolom,  Inc.,  ADC  Group,  operating  contractor  for  the  ABDC 
propulsion  test  facilities.  Furtliar  reproduction  is  authorized  to  satisfy  nsads  of  tha 
0.  S.  Oovemsmnt. 
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The  adopted  uncertainty  aethodology  fulfilla  a  vital  need  for  a  standard  method  for 
estimating  errors  so  comparisons  of  Masurement  systems  between  facilities  can  be  made 
euid  the  interpretation  and  understanding  of  error  analysis  can  be  unified.  The  method*- 
ology  possesses  many  significant  attributes  including: 

•  a  practical  balance  bet%feen  engineering  and  statistics  to  deal  with  a 
complex  subject  that  does  not  lend  itself  to  a  vigorous,  scientifically 
correct  answer  for  all  situations.  Monte  Carlo  simulation  methods  pro* 
vided  objective,  coi^>arative  selection  of  the  standard  methodology 
features  from  the  many  possible  alternatives; 

*  a  aystesAtic  straightforward  approach  which  is  understandable  and 
achievable  with  reasonable  effort; 

-  an  appealing  approach  to  engineers  because  it  is  truly  an  aide  in 
understanding,  improving,  and  conunicating  measurement  system  perform¬ 
ance; 

-  an  evaluation  of  error  sources  independently  so  that  the  major  error 
ccxfitributors  can  be  identified  and  improvements  amde  if  justified; 
and 


-  a  single  number  to  describe  the  goodness  of  a  test  result  with  the 
easily  understandable  interpretation  that  the  single  number  is  the 
largest  error  reasonably  expected. 

Use  of  the  uncertainty  methodology  since  1970  at  the  AEDC/ETF  has  been  beneficial 
in  improving  propulsion  measurement  techniques  and  practices  and  in  establishing  and 
maintaining  credibility  in  reporting  propulsion  system  performance  evaluations  where 
buyer/seller  relationships  are  involved.  Use  of  the  methodology  provides  a  vital  thread 
linking  all  phases  of  ETF  propulsion  test  programs  from  the  test  program  definition  and 
planning  phase  through  the  testing  phase,  and  through  result  emalyses  and  reporting,  in 
the  pre-test  phase,  the  predicted  uncertainties  are  determined  and  the  selected  test 
measurement  systAos  and  teat  techniques  are  compared  with  the  program  uncertainty  re¬ 
quirements. 

The  measurement  systems  and  practices  are  selected  to  meet  the  program  require¬ 
ments  while  limiting  resource  expenditures.  During  testing,  the  measurement  proc¬ 
esses  and  test  results  are  monitored  and  controlled  to  ensure  that  pre-test  predictions 
^  are  either  valid  or  that  adjustments  to  predicted  uncertainties  are  made  based  on  the 

actual  performance  of  the  measurement  process.  The  larger  error  contributors  identified 
\  in  the  pre-test  analysis  are  given  special  monitoring  attention  during  testing. 

f  The  post-test  phase  activities  analyze  the  test  results  for  consistency  with  pre- 

i  test  error  predictions  and  with  actual  measurcoaent  system  performance  information  col- 

I  lected  during  testing,  and  with  post-test  instrumentation  calibration  results.  The  ob- 

I  jective  is  to  ensure  that  the  reported  uncertainties  are  in  fact  representative  of  the 

1  test  results  reported.  Careful  application  of  the  uncertainty  methodology  provides  the 

!  necessary  information  for  monitoring  and  controlling  each  phase  of  the  test  program  and 

thus  ensuring  that  teat  program  objectives  are  met. 
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The  objective  of  this  paper  is  to  provide  an  overview  of  the  basic  principles  of 
the  adopted  uncertainty  methodology,  an  overview  of  procedural  steps  involved  in  perform¬ 
ing  an  uncertainty  analysis,  and  example  results  from  uncertainty  analyses  of  typical 
turbine  engine  test  measurement  and  performance  parameters.  References  are  cited 
throughout  the  text  to  direct  the  reader  to  a  more  detailed  treatment  of  the  topics  over¬ 
viewed.  With  the  overview  provided,  it  is  hoped  the  reader  would  be  able  to  structure  a 
plan  for  assessing  the  error  sources  and  error  estimates  for  his  particular  measurement 
process. 

2.0  MEASUREMENT  UNCERTAINTY  METHODOLOGY 

A  single  number  (some  combination  of  bias  and  precision)  is  needed  to  express  a 
reasonable  limit  for  error.  This  single  number,  called  uncertainty,  U,  must  have  a 
simple  interpretation  and  be  useful.  It  is  ii^sslble  to  define  a  single  rigorous  sta¬ 
tistic  because  the  bias  is  an  upper  limit  involving  judgment  which  has  unknown  character¬ 
istics.  Any  functim  of  these  two  numbers  must  be  a  hybrid  combination  of  an  unknown 
quantity  (bias)  and  a  statistic  (precision).  However,  the  need  for  a  single  number  to 
measure  error  is  so  great  that  the  use  of  an  arbitrary  standard  is  warranted. 


2.1  Uncertainty  MedsI 

Two  models  are  in  use.  The  additive  model, 
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1.  In  tha  rocket  and  turbine  uncertainty  handbooks  (Saf.  1, 
respectively)  the  uncertainty  aodel  la  written  as  0  -  t (B  +  t95S) . 
uncertainty  docuaents  using  the  sean  uncertainty  aethodology  (Ref. 


1969,  and  Ref.  2,  1973, 
In  the  sore  recent 
8,  Dr.  Abamethy'a 
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and  the  root'eta-equares  aodelc 


”RS8 


(see  Mote  2) 


(2.2) 


where  B  is  the  bias  error »  S  is  the  precision  index,  t95  is  the  9Sth  percentile  point  for 
the  two-tailed  student*s  "t*  distribution  whose  value  is  a  function  of  the  deqrees-of- 
freedeat  associated  with  the  8  estisMte,  and  n  is  the  saaple  site  associated  with  the 
8  estijate. 

Either  the  Dadq  or  the  option  may  be  used,  provided  the  following  constraints 

are  followed:  (1)  the  random  and  systematic  error  coaqponents  are  separately  propagaged 
to  the  end  test  result,  (2)  the  t%fo  error  comp<ments  are  reported  separately,  and 
(3)  the  choice  of  uncertainty  model  used  is  stated.  Dnder  these  constraints,  the  uncer¬ 
tainty,  U,  is  the  last  calculation  and  may  easily  be  redone,  if  desired.  The  estimated 
confidence  level  or  coverage  provided  by  the  Ujj)d  sodeX  is  99  percent  and  the  Upgp  model 
is  95  percent.  Reference  4  provides  cca^risons  of  these  two  models  based  on  Monte  Carlo 
simulations. 

The  BTF  uses  the  Uadq  model  as  illustrated  in  the  examples. 

A  discussion  of  the  B,  S,  and  t95  error  terms  follows. 

2.1.1  Precision  Error 

Random  errors  are  encountered  in  re¬ 
peated  measurmsents  and  are  the  differences 
bettieen  the  observed  values  and  the  average 
value  of  a  very  large  sample.  Repeated 
measurements  at  steady-state  (constant) 
conditions  are  not  expected  to  produce  pre¬ 
cisely  the  same  data.  There  are  numerous, 
small  effects  which  may  cause  measurement 
variations.  These  variations  tend  to 
spread  about  an  average  value  in  the 
fashion  of  a  normal  distribution  curve. 

Fig.  2.1.  The  curve  is  characterized  by 
the  standard  deviation,  o. 
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The  precision  index,  S,  is  the  com¬ 
puted  estimate  of  the  standard  deviation, 
o,  of  the  data  and  is  calculated  as  fol¬ 
lows: 
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Pig.  2.1.  Mormal  Distribution  Curve  Result¬ 
ing  from  Typical  Steady-State 
Data  Measurement. 


where 


Xk 


Precision  index  * 


nuiid>er  of  measurements 
individual  measurements 


L  (xk  -  x) 
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average  value  of  individual  measurements 
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The  estimated  precision  index  of  the  mean  of  the  samples  is  calculated  as 


(2.4) 


MTBS !  (Continued) 
AIAA  paper,  1985; 
model  la  written  as  (J 


used  In  the  more  recent  model  notation  for  th'^  estimated  precision  index. 


Ref.  10,  ISO  (Draft),  1987;  and  Ref.  9,  ANSI/ASHB,  1985)  the  uncertainty 
1  (b  .  tjj  *  Uiorough  review  of  the  documents  and  a 

discussion  with  Dr .  Bob  Abemethy 
which  is 

Therefore,  proper  application  of  the  two  model  expressions  yields  the  same  results.  The 

a 

modal  expression  using  is  the  preferred  notation  and  is  used  throughout  this  doci 
V" 

Care  must  always  be  exercised  to  ensure  that  all  of  the  estimated  terms  in  the  un¬ 
certainty  model  are  consistent  with  the  measorsd  and  calculated  results  they  represent. 

2.  To  help  achieve  national  and  international  consensus  cm  the  standard  uncertain¬ 
ty  methodology,  the  Orbs  2>as  been  Inoludad  with  tha  historical  OadO  x>dal  SMthod- 

ology  since  about  1980  at  tha  suggestlcm  of  the  lletional  Bureau  of  Standards  (BBS) .  The 
error  coaipcments  are  identical  in  both  models. 
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The  bias  coaponent  is  a  fixed  or  aya- 
taaatlc  error.  B.  which  reaalna  unchanged  for 
the  duration  of  a  test.  In  repeated  aeasure- 
■ents  at  steady-state  (constant)  teat  condi¬ 
tions,  each  aaesureawnt  has  the  saisa  bias 
■agnltude.  The  relationship  between  bias, 
precision,  and  the  true  value  of  the  measured 
quantity  la  depleted  In  Fig.  2.2.  The  magni¬ 
tude  of  the  bias  cannot  be  determined  unless 
tile  measurements  can  be  compared  with  the  true 
value,  which  is  generally  not  feasible.  There¬ 
fore,  bias  limits  (IB)  are  estimated  using 
applicable  teat  Information  and  engineering 
judgment,  note  that  an  uncertainty  analysis 
assumes  a  carefully  controlled  awasurement 
process  within  which  every  Icnown  calibration 
correction  has  been  made.  Because  the  cali¬ 
bration  corrections  are  not  ideal,  some  small, 
fixed,  systematic  errors  will  remain.  The 
bias  limits  are  estimates  of  the  largest  pos¬ 
sible  remaining  systematic  error  after  all 
corrections  have  been  made. 


The  t)j  value  is  a  function  of  the  number  of  degrees-of -freedom,  v,  used  In  calcu¬ 
lating  S.  For  small  samples,  t  will  be  large,  ud  for  larger  samples  t  will  be  smaller, 
approaching  1,96  as  a  lower  limit.  The  use  of  the  t  inflates  the  limit  D  to  reduce  the 
rla)c  of  underestimating  S  when  a  small  sample  is  used  to  calculate  S.  Since  30  degrees- 
of-freedom  yield  a  t  value  of  2.04  and  Infinite  degrees-of-freedom  yield  a  t  of  1.96,  an 
arbitrary  selection  of  t  •  2  for  values  of  from  30  to  infinity  Is  used. 


In  a  sample,  the  number  of  degrees-of-freedom  is  the  size  of  the  sample.  When  a 
statistic  Is  calculated  from  the  sample,  the  degrees-of-freedom  associated  with  the  sta¬ 
tistic  are  reduced  by  one  for  every  estimated  parameter  used  in  calculating  the  statistic. 


2.2  Uncertainty  Interval 

Figure  2.3  illustrates  the 
limits  which  provide  an  estimate  of  the 
largest  error  that  may  reasonably  be  ex¬ 
pected  for  that  maasurement  procesa. 

The  prot)ablllty  that  the  "true*  values 
lie  within  the  uncertainty  limits  Is 
known  as  the  coverage. 

A  rigorous  calculation  of  confi¬ 
dence  level  or  coverage  of  the  true 
value  by  the  uncertainty  Interval  Is  not 
possible.  However,  Honte  Carlo  simula¬ 
tions  (Ref.  4)  using  various  relative 
sizes  of  the  bias  and  precision  compo¬ 
nents  indicates  that  the  coverage  of 
I7adp  is  about  99  percent,  whereas  that 
of  Uhss  about  95  percent. 

In  the  case  of  nonsymmetric  uncer¬ 
tainty  Intervals  where  the  bias  is  non- 
synmetrlc,  l.e.,  B'*'  #B~,  tee  Ref.  2  for 
further  discussion. 

3.0  USING  THE  MEASUREMENT  UNCERTAINTY  METHODOLOGY 

3. 1  Getting  Started 

To  get  started,  it  is  necessary  to  establish  specific  measurement  uncertainty  prac¬ 
tices  within  your  company's  operation  that  meet  the  measurement  uncertainty  methodology 
guidelines,  in  the  ABDC/BTF,  u  ccamilttee  was  convened,  made  up  of  members  from  each  of 
the  disciplines  Involved  In  the  awasureoent  activities:  measurement  installation,  cali¬ 
bration,  data  acquisition,  data  processing,  and  analysis.  The  cosalttee  established 
measurement  practices  consistent  with  the  uncertainty  methodology.  This  includes  instru¬ 
ment  calibration  practices.  Instrument  Installation  requirements,  error  source  Identifi¬ 
cation  and  classification  (l.e.,  precision  or  bias),  measurement  evaluation  practices, 
and  the  measurement  error  evaluation  procedures. 

Provisions  must  also  l:e  made  to  continuously  aonltor  the  on-golng  test  programs  to 
ensure  that  the  measurement  uncertainty  requirements  are  )>elng  met.  This  task  primarily 
consists  of  reviewing  test  calibration  data  and  taking  random  measurement  samples,  euid 
evaluating  meeaursmant  repeatability  and  bias  errors  ^lla  the  test  Is  being  conducted. 

At  the  ccaqiletion  of  the  test,  the  final  evaluation  of  the  measurement  uncertainty  levels 
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achieved  for  tho  tost  Mist  bs  oisds  and  the  results  reported.  The  findings  frost  each  test 
are  used  to  establish  a  measureMent  uncertainty  data  base  fron  which  future  pre*test  pre¬ 
dictions  are  aade. 

3.2  Steps  In  Perfoming  Uncertainty  Analysis 

Uncertainty  analysis  activities  for  test  progreuss  can  be  logically  divided  into 
pre-test,  test,  and  post-test  phases.  In  the  pre-test  phase,  the  objective  is  to  deter¬ 
mine  if  the  test  technigues/measurement  systeais  satisfy  test  program  uncertainty  require¬ 
ments.  The  objective  during  the  test  phase  is  to  ensure  that  a  well-controlled  measure¬ 
ment  system  exists  throughout  testing  to  produce  valid  results  consistent  with  the  pre¬ 
test  uncertainty  analysis.  The  post-test  phase  reviews  the  pre-test  analysis  in  light  of 
the  actual  test  phase  results  and  the  post-test  calibrations  of  the  working  standards, 
sensors/ transducers,  and  test  systems;  adjusts  the  pre-test  error  estimates  as  required; 
and  reports  the  test  program  uncertainty  results.  The  analysis  steps  in  each  phase  of 
the  test  program  are  discussed  in  the  following  paragraphs. 

3. 2. 1  Pre-Test  Phase 

a.  Define  the  measurement  process  -  The  first  step  in  any  uncertainty  analysis  is  to  de- 
fine  the  coa^lete  measurement  process  required  to  arrive  at  the  desired  result.  In¬ 
cluded  will  be  the  Masurements  and  performance  parameters  including  their  uncer¬ 
tainty  requirements.  The  performance  parameter  equations  are  defined  identifying  all 
measuresients  involved  and  the  definition  of  each  measurement  process  to  be  used,  in¬ 
cluding  calibrations  of  all  instrumentation  and  installed  systems. 

b.  Identify  all  m^surements  to  ^  analysed  -  Analyze  each  performance  parameter  formula 
by  which  the  final  ana«fer  will  be  obtained  to  identify  all  the  equation  terms  which 
must  be  investigated  in  the  uncertainty  analysis. 

c.  Id^tify  the  elemental  sources  for  each  measurement  -  For  each  measurement, 

make  a  list  of  the  possible  sources  of  elesmntal  errors.  To  aid  in  identifying  error 
sources  and  bookkeeping  them,  it  is  helpful  to  place  the  elemental  error  sources  into 
the  categories  of  calibration,  data  acquisition,  data  reduction,  and  installation/ 
environment . 

d.  Obtain  an  estimate  of  each  elemental  error  -  Obtain  an  estimate  of  each  elemental 
error  and  initially  classify  as  either  a  precision  or  bias  error.  Initially  classify 
an  error  as  a  precision  error  if  the  estisiate  is  derived  by  a  statistical  analysis  of 
repeated  measurements,  and  classify  as  a  bias  error  if  the  estimate  is  from  nonsta- 
tistical  methods.  Assessment  of  both  precision  and  bias  elemental  errors  may  include 
analysis  of  information  from  the  followings 

-  measurement  system  end-to-end  checks  where  known  inputs  are  compared  to  the  ob¬ 
served  outputs, 

-  calibration  of  test  working  standards  and  test  sensors/transducers, 

-  special  tests  performed  on  systems  or  components  to  help  quantify  errors, 

-  analysis  of  redundant  measurements,  and 

-  engineering  judgment  of  the  most  knowledgeable  persons  about  the  error  source  being 
estimated. 

For  the  most  ccmplete  understanding  of  a  measurement  system's  performance,  first  assess 
the  elemental  errors  and  then  verify  the  results  through  end-to-end  evaluations  (ap¬ 
plied  loads  tests) .  The  elMaental  error  assessment  Is  beneficial  in  identifying  the 
major  error  contributors  and  in  directing  attention  to  critical  errors  to  control 
during  installation  and  the  test  phase  to  achieve  desired  uncertainty  results  (Ref.  12). 

The  end-to-end  evaluation  is  recosaended  as  the  preferred  method  of  validating  com¬ 
bined  elemental  or  overall  systesi  performance  errors.  Care  is  required  in  making 
elemental  error  determinations  since  generally  either  interpretation  of  manufacturer's 
specifications  is  required  (vendors  are  generally  not  yet  using  the  Standard  Uncer¬ 
tainty  Methodology)  and/or  the  judgment  of  the  person  most  knowledgeable  about  the 
error  sources  is  required.  Special  tests  analogous  to  end-to-end  evaluations  are 
frequently  used  to  help  quantify  elemental  error  values. 

The  final  error  estimates  are  generally  a  hybrid  cosibination  of  end-to-end  results 
with  some  additi<mal  elemental  error  values  to  allow  for  the  fact  that  the  end-to-end 
evaluations  seldom  account  for  all  of  the  Installation  and  test  environmental  effects, 
for  exaaqple,  aerodynamic  tap  error  associated  with  a  static  pressure  measurement. 

An  estimate  of  the  upper  limit  of  the  systematic  error,  B,  is  more  difficult  to  ob¬ 
tain  than  S.  caution  should  be  exercised  against  the  tendency  to  underestimate  sys- 
teawtic  errors  especially  when  a  subjective  approach,  like  engineering  judgment,  is 
used,  thiderestimating  bias  errors  is  partly  through  human  optimism  and  partly 
through  overlooking  the  existence  of  some  sources  of  systsauitic  error.  Bven  after 
applying  all  known  corrections  through  the  calibration  process,  some  systematic  er¬ 
rors  will  most  likely  remain  and  must  be  included  in  the  error  assessment. 

Sometimss  the  ^ysics  of  the  measurement  system  is  such  that  the  systesmtic  error  may 
be  nonsymmetrical .  For  example,  hot  thermocouples  in  the  presence  of  colder  walls, 
radiate  and  conduct  thermal  energy  away  from  the  sensor,  resulting  in  a  lower 


tM^rature  indication.  Thus  the  biaa  error  lieita  are  of  the  form  and  versus 
IB.  See  Bef.  2  for  a  further  treatment  of  nonsynMetrical  bias  lieits. 


e.  calculate  the  aeasurqient  error  cosg>onents  *  Calculate  the  precision  index  Sx  and  the 
associated  degrees-of-freedoa  and  bias  lieit  B  for  each  aeasurttsent. 

The  Beasurenent  error  c<N^>oaent  Sx  is  the  root-suB-square  of  the  elsBental  precision 
errors  detenained  in  Step  d  above: 

s .  ^  s  2 

®X  •  y  3-1  i-1  ®ij 

where  j  defines  the  categories  (1)  calibration*  (2)  data  acquisition*  (3)  data  reduc- 
tion,  and  (4)  installation/test  enviz^naental*  and  i  defines  the  sources  within  the 
categories. 

Also  calculate  the  degrees-of-freedoB  and  the  corresponding  t95  value  associated 
with  the  Sx* 

In  like  manner*  the  measurenient  error  ccaponent  Bx  is  the  root^sum-square  of  the  ele> 
mental  precision  errors  determined  in  Step  d  above: 

where  j  and  i  definitions  are  the  same  as  above. 

f.  Propagate  the  measurement  error  coio^ents  to  the  calculated  par*«»^tiar  -  Propagate 
the  measuresMnt  error  components  thrcHigh  t^e  function  to  ti:e  calculated  performance 
parameters  using  either  the  Taylor  Series  (Ref.  2)  or  influence  coefficient  (Ref.  4) 
method.  The  Taylor  Series  expansion  of  the  function  provides  the  partial  derivatives 
of  the  performance  parameter  with  respect  to  the  measurements.  By  inserting  nominal 
measurement  values  and  measurement  precision  and  bias  error  ccxnponents  into  the 
Taylor  series  expansion*  the  error  c<»iponents  for  the  calculated  parameter  are  ob¬ 
tained. 

The  influence  coefficient  method  is  convenient  for  determining  the  sensitivity  of  a 
result  to  a  measured  quantity  (i.e.*  as  the  error  propagated  to  the  result  due  to 
unit  error  in  the  measurement) .  Finite  increments  may  be  used  to  evaluate  the  influ¬ 
ence  coefficient  method  with  computer  calculations: 


The  result  is  calculated  using  to  obtain  R*  and  then  recalculated  using 
(Yi  +  AY)  to  c^tain  (R  +  AR) . 

Regardless  of  the  method  used*  the  measurement  error  components*  Sx  and  Bx#  are 
propagated  separately  to  obtain  the  calculated  parameter  error  components*  Sy  and  By* 
Also*  evaluate  the  degrees-of-freedom  for  the  Sy  error  coiiq>onent.  If  the  degrees-of- 
freed<xn  was  >  30  for  all  of  the  measurement  S^'s  propagated*  then  the  degrees-of- 
freedoB  for  the  calculated  parameter  Sy  will  be  ^  30  and  a  t^^  value  of  2  may  be  used. 
If  degrees-of-freedom  less  than  30  was  used  for  any  measurement  Sx's  propagated*  then 
the  welch  Satterthwaite  formula  must  be  used  for  evaluating  the  calculated  pareuneter 
degrees-of-freedom  (Ref.  2) . 


g.  Calculate  the  uncertainty  of  the  performance  parameter  -  Calculate  the  predicted 
uncMtainty  of  the  calculated  parameter  using  the  selected  model  or  Uxss* 

the  predicted  measureaent  and  calculated  performance  parameter  uncertainty  estimates 
satisfy  the  test  program  objectives*  then  proceed  with  the  test.  If  the  uncertainty 
objectives  are  not  satisfactory*  then  we  must  find  a  way  to  improve  either  the 
measureaent  systeiss*  the  calibration  process*  or  the  method  for  calculating  the  per¬ 
formance  parameter  before  proceeding  with  the  test. 

The  uncertainty  statement  is  termed  predictive  at  this  stage  of  the  uncertainty 
analysis  process  since  unexpected  influences  or  effects  during  testing  may  require 
inclusion  of  additional  error  terms  or  changes  to  the  pre-test  estimated  errors. 

Care  must  be  taken  during  the  testing  phase  to  ensure  thsi:  these  pre-test  estimates 
are  credible.  The  next  section  discusses  the  measures  required  to  ensure  that  a  con¬ 
trolled  Beasurement  process  exists  during  testing. 

3.2.2  TestPtwse 

A  credible  measurement  uncertainty  analysis  requires  a  well-c<mtrolled  measurement 
process  in  which  there  are  no  gross  mistakes  or  errors.  It  also  requires  that  correct 
calibrations  have  been  applied.  To  ensure  that  a  controlled  measurenent  process  exists* 
all  Beasurement  systems  should  be  monitored  during  their  installation*  calibration*  and 
pre-use  periods.  Assessment  of  the  degree  of  control  or  closeness  to  pre-test  estimate 
assumptions  may  include  information  from  the  following: 
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-  coi^parison  of  specific  cslibratioi  results  for  working  standards#  sensors/trans¬ 
ducers#  and  installed  systems  with  their  respective  calibration  history  and  pre¬ 
test  predictions# 

-  sero  shifts  in  ■eas\ireaent  systens  froe  the  beginning  to  the  end  of  eeu:h  test 
period# 

-  test  condition  and  test  article  stability  checks  prior  to  and  during  each  acquisi¬ 
tion  cycle, 

-  observed  effects  on  aeasureiient  systems  attributable  to  simulated  altitude  changes# 
changes  in  engine  service  systems  pressure#  and  changes  in  environmental  tempera¬ 
ture  and  vibration# 

-  coaiparison  of  like  test  conditions  from  test  period  to  test  period  during  the  test 
program# 

-  comparison  of  redundant  measurements# 

-  coaqparison  of  related  measurements  or  performance  parameters# 

-  detection  and  elimination  of  outlier  data  values#  and 

-  analysis  of  any  special  checks  to  ensure  that  large  error  contributing  sources  are 
properly  controlled. 

The  availability  of  information  from  the  above  list  will  be  dependent  upon  the  spe¬ 
cific  test  program#  the  measurement  systems  involved,  and  the  ingenuity  used  in  planning 
the  conduct  of  the  test  program  to  acquire  sufficient  information  to  ensure  that  the 
total  measurement  process  is  in  cMitrol#  and  that  sufficient  information  exists  so  the 
post-test  phase  can  confirm  the  pre-test  analysis  results  or  apply  adjustments  as  needed 
so  the  final  error  report  credibly  represents  the  test  results. 

3.3.3  Post-Test  Phase 

The  test  program  post-test  phase  consists  of  validating  or  adjusting  as  needed  the 
pre-test  uncertainty  predictions  to  account  for  actual  events/happenings  throughout  the 
test  program,  make  final  classification  on  measurement  system  errors  based  on  the  defined 
measurement  process#  and  report  the  test  data  uncertainties. 

a.  Adjust  pre-test  estimates  -  Information  to  be  analysed  in  the  post-test  phase 

to  valioate  or  adjust  pre-tVst  error  estimates  would  include  the  following* 

-  analysis  of  information  obtained  during  the  test  periods  relating  to  how  well  the 
measurement  process  was  in  control  or  deviated  from  the  pre-test  error  estimates, 

-  results  of  post-test  ealibrittions  of  working  standards#  sensors/transducers#  and 
installed  system#  and 

-  comparison  and  consistency  checks  of  performance  results. 

Based  on  the  results  from  the  above  information#  the  pre-test  error  estimates  are  ad¬ 
justed  as  required. 

b.  Fimal  classification  of  pre-test  error  estimates  -  The  final  classification  (Ref.  4) 
of  the  pre-test  error  estimates  is  based  on  the  specific  measurement  objectives  ob¬ 
tained  from  the  defined  measurement  process  in  the  pre-test  phase.  Most  test  pro¬ 
grams  have  multiple  measurement/performance  parameter  objectives  which  are  satisfied 
with  the  same  measurement  systems.  For  example#  one  objective  may  be  to  measure  the 
absolute  level  of  a  performance  parameter#  and  the  second  objective  may  be  to  measure 
the  difference  in  the  same  performance  parameter  before  and  after  a  test  article  com¬ 
ponent  change.  The  uncertainty  of  the  absolute  performance  parameter  would  include 
the  precision  and  bias  error  sources#  whereas  the  uncertainty  of  the  difference  in 
performance  parameters  before  and  after  a  component  change  would  not  include  the  bias 
error  terms  since  they  would  be  the  same  for  the  before  and  after  test  and  would 
cancel  out. 

The  uncertainty  results  then  would  be  quite  different  from  these  two  measurement  ob¬ 
jectives  even  though  they  both  involved  the  same  measurement  systems.  The  classifi¬ 
cation  of  calibration  precision  errors  (Ref.  4)  will  change  if  the  measurement 
process  is  such  that  the  precision  errors  manifest  themselves  as  a  bias  error  in  the 
measured  or  calculated  result.  For  example#  if  a  particular  measuresient  process  in¬ 
volved  many  calibrations  over  a  long  period  of  time#  the  calibration  process  preci¬ 
sion  errors  ««ould  cause  variations  in  the  Manured  values.  Conversely#  if  only  one 
calibration  was  involved#  then  the  calibration  precision  error  would  manifest  itself 
as  a  bias  error  in  the  measured  value.  Precision  errors  which  are  reclassified  as  a 
result  of  the  defined  measurement  process  should  be  marked  with  an  asterisk  (S*) 
(fossilised  precision  error)  (Ref.  4)  and  treated  as  a  bias  error. 

c.  Reporting  of  measurement  uncertainty  -  The  report  should  include  all  of  the  informa- 
tim  nMessary  to  descril>e  Md  to  allow  for  further  propagation  of  measuresient  and 
test  result  uncertainties.  This  requires  reporting  the  error  components  and  appli¬ 
cable  measurement  or  calculated  parameter  range  for  each  measurement  and  calculated 
parameter . 


Th«  following  error  component  end  uncertainty  information  is  required: 

-  S,  the  estimate  of  the  precision  index, 

*  V,  the  degrees-’Of-freedon  associated  with  each  S, 

'  B,  the  estimated  bias  error,  and 

-  U,  the  uncertainty  limit  including  the  inodel,  or  used. 

Each  test  facility  should  retain  in  their  files  the  measurement  system  elemental  er¬ 
ror  information  for  review  as  required  to  substantiate  reported  uncertainty  results 

and  for  use  in  performing  pre-test  uncertainty  analyses  for  future  test  programs. 

•.0  EXAMPLE  RESULTS  FROM  UNCERTAINTY  ANALYSIS  OF  TYPICAL  TURBINE  TEST 

MEASUREMENT  AND  PERFORMANCE  PARAMETERS 

The  AEDC/ETF  simulated  altitude  test  facilities  use  a  variety  of  measurement  systems 
in  support  of  airbreathing  engine  and  rocket  motor  performance  testing.  The  same  uncer¬ 
tainty  methodology  is  used  for  evaluating  measurement  syst^s  used  in  both  types  of 
testing,  in  \‘hls  paper,  examples  from  airbreathing  engine  testing  are  used. 

Exa^le  error  assessment  results  are  provided  for  the  measurements  of  aerodynamic 
pressure,  temperature,  airflow,  fuel  flow,  and  scale  force.  The  error  components  from 
these  measurements  are  then  propagated  to  the  calculated  parameters,  net  thrust,  and 
thrust-speclf ic  fuel  consumption.  The  results  are  representative  for  steady-state  test¬ 
ing  of  a  nonafterburning,  low-bypass  turbofan  engine.  The  examples  use  the  model 

%fhich  has  been  the  practice  of  AEOC/ETF  since  1970.  The  several  turbine  engine  test  con¬ 
figurations  from  which  the  examples  are  taken  are  described  in  Section  4.1  (Refs.  12  and 
13).  The  specific  examples  are  included  in  Sections  4.2  through  4.7.  Each  example  gives 
a  brief  description  of  the  measurement  system,  a  table  of  the  error  sources  and  estimates 
grouped  into  the  categories  of  calibration,  data  acquisition,  data  reduction,  and  instal¬ 
lation/environment.  A  suBsnary  table  gives  the  error  components  by  category  and  the  error 
components  and  uncertainty  for  the  parameter. 

The  error  comp<x:ents  and  uncertainty  values  are  calculated  from  the  error  source 
audit  table  values,  asstiming  that  the  defined  measurement  process  is  such  that  the  cali¬ 
bration  precision  errors  are  not  reclassified.  In  some  cases,  the  calibration  precision 
errors  would  become  reclassified  or  fossilized  as  discussed  in  Section  3.2.3-b  and, 
therefore,  treated  as  a  bias  error. 

The  format  of  the  error  source  audit  table  provides  sufficient  detail  of  the  errors 
involved  to  easily  reclassify/recombine  then  Into  error  components  consistent  with  the 
test  objectives. 

The  airflow  example  in  section  4.4  uses  the  pressure  (Section  4.2)  and  the  tempera¬ 
ture  (Section  4.3)  measurement  error  components  along  with  the  other  required  error 
sources,  as  shown  in  Table  4.4.1.  The  Table  4.4,1  error  components  are  then  propagated 
to  the  airflow  parameter  through  the  influence  coefficient  method,  as  illustrated. 

Error  calculations  for  net  thrust  and  thrust- specific  fuel  consumption  requires  both 
the  error  components  for  all  of  the  measurements  involved  and  the  Influence  coefficient 
for  each  measurement  at  the  desired  altitude/Nach  number  test  condition,  as  illustrated. 

Tables  4.7.1  and  4.7.3  are  illustrative  of  the  uncertainty  information  required  in 
test  reports,  as  discussed  in  Section  3.2. 3-c. 

4. 1  General  Test  Conflgurstion 

The  examples  are  from  the  eo-called  direct-connect  test  configuration.  This  configu¬ 
ration  derives  its  name  from  the  fact  that  the  engine  inlet  is  directly  connected  to  a 
controlled  air  supply  system.  The  engine  exhaust  exits  into  a  separately  controlled  en¬ 
vironment. 

The  direct-connect  configuration  provides  the  best  opportunity  for  the  measurement  of 
the  steady-state  behavior  of  the  axial  component  of  thrust  produced  by  a  turbojet  or 
turbofan  engine.  The  essential  features  of  the  direct-connect  configuration  are  shown  in 
Fig.  4.1.1.  Although  there  ace  a  nuBd>er  of  hardware  options  available  to  implement  each 
of  the  key  functions  in  a  direct-connect  test  configuration,  it  is  nevertheless  essential 
that  each  of  the  functions  represented  by  these  specific  hardware  items  identified  in 
Fig.  4.1.1  be  successfully  ia^lemented. 

First,  the  flow  of  air  through  the  engine  must  be  known  very  precisely.  The  venturi 
shotm  in  Pig.  4.1.1  represents  one  of  the  devices  available  to  accomplish  this  measure¬ 
ment.  After  the  flow  rate  of  the  air  is  determined,  the  temperature  and  pressure  pro¬ 
files  entering  the  engine  are  made  uniform  by  use  of  flow-straightening  screena,  a  plenum 
chamber,  and  a  bellmouth.  The  engine  exhaust  gases  are  removed  from  the  cell  through  the 
exhaust  collector.  The  simulated  flight  conditions  are  set  by  control  valves  upstream  of 
the  venturi  to  provide  the  desired  tea^>erature  and  pressure  to  the  engine  inlet  and  by 
control  valves  downstream  of  the  exhaust  collector  to  set  the  desired  altitude  luMdient 
pressure  in  the  test  cell. 


Uta^CoIlKloriiB 


nvust  Mwiirlni  Srstw 


flm  Scrmm 


fig.  4.1.1.  Olrect-Connect  Bnqlne  Inatallatlon. 


4.1  Aarodyiwalc  PrMtura  M—ur—ant 

4.2.1  MaaauraaMnI  Procaat 

Tha  mat  conaon  owthod  of  owaa- 
urlnq  aerodynaalc  ataady-atata 
pcaaauraa  la  with  atialn-qaqa  prea* 
aura  tranaducera  calibrated  in- 
placa  with  a  atandard  quartz  praa- 
aura  qanarator. 

normally  tha  praaaure  maaisre- 
■ant  la  >ada  with  a  alnqla 
tranaducar;  however,  (or  widely 
varyinq  ranqaa  of  praaaora  in  a 
proqraa  thia  aay  not  ba  adequate. 

Aa  alternativaa,  delta  praaaure 
tranaducera  or  aniltiple  ranqaa  of 
tranaducara  aiqht  ba  uaed.  Flqura 
4.2.1  ahowa  a  typical  inatallatlon 
where  aeveral  praaaure  probea  are 
aniltiplexed  onto  one  praaaure 
tranaducer . 


Prttuire 

rraftsZucar 


Prauurt 
MuHblannt 
Vatm  _ _ 


ToDib 

Acquisition 


-AIWutftTvICMI 


Prnturt  Pribts 


Typical  ataady-atate  aleaental  ^  . 

error  aosircea  and  error  eatiaatea  Tig.  4.2.1.  Bnqine  Inlet  Aerodynaaic 

for  a  turbine  enqine  teat  are  Preaaure  Heaaurement. 

tabulated  in  Table  4.2.1.  Table  4.2.2  providea  a  aueaiary  of  the  errora  of  each  qroup  and 
the  error  eoaponenta  and  uncertainty  for  the  ■eaaureaent  ualnq  the  U)u)d  aiodel. 

4. 3  TeaqMralure  Maaaureaant 

4. 3. 1  Maaturaannt  Proceea 

Hoat  teaverature  aeaauraaenta  are  aade  with  themocouplc  probea.  The  aoat  connonly 
uaed  typea  of  theraocouplaa  at  ABDC  are  ChraiMl*-AIuel*  for  teaiperaturea  in  the  hiqher 
ranqe  (100  to  1100°C)  and  copper-conatantan  for  teeperaturea  in  the  lower  ranqe  (-40  to 
260%) . 

Tbenaocouple  ayataaw  are  calibrated  by  inaertion  of  alllivolta  froai  a  atandard  volt- 
aqe  aource.  Tha  voltaqe  to  taaparature  converaiona  are  acccaqpllahed  with  polynoalal 
equationa  which  approxlaate  the  national  Bureau  of  Standarda  tablea  of  tha  international 
Practical  Taaperature  Scale  (IPTS)  for  each  tbenaocouple  type. 

Piqure  4.3.1  ahowa  a  typical  enqine  inlet  thanaocouple  rake  connected  to  an  in-cell 
theraocouple  reference  unit. 

4.3.2  Error  Sourca  Audit 


Typical  ataady-atate  eleuental  error  aourcea  and  error  eatizaatea  for  a  turbine  enqine 
teat  are  contained  in  Table  4.3.1.  Table  4.3.2  providea  a  awaary  of  the  errora  by  qroup  and 
the  error  coaq^enta  and  uncertainty  (or  tha  taaqiarature  a«asur«aentB  uainq  the  nju)D  uodel . 
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Table  4.2.1.  Aerodynamic  Pressure  Steady'^State 
Elemental  Error  Source  Audit. 
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Table  4.2.2.  Aerodynamic  Pressure 
Steady-State  Error 
Source  Audit  Summary. 


Precision  Index 

Bias  Limil 

Error  Source 

Percent 

of 

Reading 

Degrees- 

ol- 

Freadom 

Percent 

of 

Reading 

Calibration 
Trartsfv  Error 

10.016 

>30 

10.104 

InstoltollorV 

Environment 

10 

lO.  03 

Data 

Acquisition 

ia07 

>30 

10.099 

Data 

Processing 

lO 

lO 

Error  CoBtponents: 


Uftcortiiftly:  •  » [tOi  15>  ♦  ao.  07i]  •  iO. »  percent 


To  Otto 

Acquisition 


Table  4.3.1.  Temperature,  Steady-State  Elemental 
Error  Source  Audit. 
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0.0002 
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a  0011 
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aoois 
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aie 
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Table  4.3.2.  Temperature  (T/C) 
Steady-State  Error 
Source  Audit  Summary. 


Precision  Indei 

Bias  Limit 

Percent 

Degrees* 

Percent 

Error  Source 

ol 

of' 

of 

Reading 

Freedom 

Reading 

Calibration 
Transler  Error 

10.Q01B 

>30 

laies 

Installation/ 

Environment 

lOQ? 

>30 

ia(B3 

Data 

Acquisition 

laCM 

>30 

laio 

Data 

Processing 

a 

_ 

iao7 

Error  ConeoneiTts:  5^| -vEsf ' 


UnceUinly:  •  i  [tO.  ??)  «  2ia  06i]  •  KL  34  porcent 
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<1.4  Airflow  Moisuromortt 
4.4.1  MooMiroment  Process 

Airflow  rate  Boaeurements  for  gas  turbine  engines 
are  generally  made  with  a  critical  flow  (sonic)  ven¬ 
turi  (illustrated  in  Fig.  4.4.1)  and  shown  in  the  test 
configuration  in  Fig.  4.1.1.  Critical  flow  venturis 
are  designed  to  operate  with  sonic  flow  at  the  nozzle 
throat  plane  and,  as  such,  do  not  require  a  Beasure- 
nent  of  the  flow-field  velocity.  The  variables  in¬ 
volved  in  the  calculaticm  of  engine  airflow  are  also 
shown  in  Fig.  4.4.1. 


ftbsi  Floe  Egmtion 

MhiTi  Cjj  is  a  thaorelkally 
(Mrmlntd  discharge  coef* 
flcient  which  accounts  for 
both  viscous  and  inertial 
effects. 


Fig.  4.4.1.  Isolated  Critical 
Flow  Venturi. 


4.4.2  Error  Source  Audit 


The  steady-state  elemental  error  sources  and  error  estimates  for  each  of  the  airflow 
equation  terms  are  tabulated  in  Table  4.4.1.  Table  4.4.2  gives  an  error  summary  for  each 
equation  term.  Also,  the  influence  coefficients  are  defined  and  the  resulting  airflow 
measurement  error  components  and  uncertainty  are  presented  in  Table  4.4.3. 

Table  4.4.1.  Airflow  Steady-State  Elemental 
Source  Audit. 
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Fraadom 

ParcMit 

ol 

Radinp 

1.  Total  Prossuro  (SaiM 
as  Engfna  InM  Totii 
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Pig.  4. 3.1) 
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0 
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Table  4.4.2.  Airflow  Steady-State  Error 
Source  Audit  Summary. 
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Table  4.4.3.  Influence  Coefficient  Matrix 
for  Airflow. 
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B.S  Fual-Flow  MwuirMMnt 
0.  S.  1  ttaaiurMMnt  Procait 

Tha  piost  coanon  mthod  of  maaaurlng  engine  fuel  flows  la  with  calibrated  turbine-type 
flowetera  which  produce  an  output  signal  whose  frequency  is  proportional  to  the  volume 
flow  rate  tturough  the  meter.  Turbine  meters  are  calibrated  by  flowing  a  measured  voluoie 
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of  fluid  through  the  meter  and  recording  the  total  number  of  turbine  meter  cycle# 
(pulses)  generated. 

At  AEDC«  to  minimize  the  uncertainty  of  the  fuel-flow  measurements,  up  to  three 
ranges  of  flowmeters  are  used  to  cover  the  engines  total  fuel-flow  operating  range.  A 
typical  engine  fuel-flow  installation*  along  with  the  variables  required  to  calculate 
fuel  flow,  is  shown  in  Fig.  4.5.1. 


4.5.2  Error  Source  Audit 

The  steady-state  elemental  error  sources  and  error  estimates  are  shown  in  Table  4.5.1. 
Table  4.5.2  provides  a  summary  of  the  errors  by  group  and  the  error  components  and  un¬ 
certainty  for  the  fuel-flow  measurement  using  the  model. 

Table  4.5.1  Fuel-Flow  Steady-State  Elemental 
Error  Source  Audit. 


Uncertainty:  ■  t [ta ?4)  +  (2Ka  19i]  -iawpercent 


Table  4.5.2.  Fuel-Flow  Steady-State 
Error  Source  Audit 
Summary. 


Precision  Index 

Bias  Limit 

Error  Source 
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of 

Reading 

Degrees - 
of- 
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of 

Reading 

Calibration 

Transfer  Error 
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Nonafterburning.  Low-Bypass  Turbofan  Measurement  Range 
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Precision  Index 
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Error  Source 
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>30 

0.007 

Laboratory  Standard 

b.  Laboratory  Standard 

aoii 

>30 

a  01 

to  Working  Standard 

c.  Working  Standard  to 

a  10 

>30 

aos 

Measurement  System 

0^,-10013 

II.  Installation/Environment 

a.  Flowmetor  OrientaOon 

Neqiigible 

Negligible 

b.  Plumbing  Configuration 

doi 

>30 

Negligible 

c  Thermal  EHects 

Negligible 

a  01 

d.  Specific  Gravity 

as 

>30 

a  10 

«.  VIscwlly 

aQ?6 

>30 

as 

s„j.iaas7 

III.  Data  Acquisition 

a.  Electrical  Simulation 

aoo2 

>30 

aool 

b.  Signal  Conditioning 

0.15 

>30 

an 

c.  Analog-to-DigItal 

ao? 

>30 

a  01 

Conversion 

«0A>*> 

IV.  Data  Processing 

a.  CorrqHitor  Resolution 

Negligible 

Negligible 

b.  Curve  Fitting 

Negligible 

ds 

4.6  Scale-Force  Measurement 
4.6.1  Measuresient  Process 

The  essential  characteristic  of  the  scale-force  measurement  method  is  that  the  engine 
is  installed  so  that  it  may  be  handled  as  a  free  body,  and  the  net  forces  acting  around 
the  free  body  provide  a  measurement  of  the  engine  gross  thrust.  The  scale-force  measure¬ 
ment  method  requires  the  use  of  a  thrust  stand  which  attaches  directly  to  the  engine 
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mounting  hardware.  The  esaential  functions  of  a  thrust  stand  are  shown  schematically  in 
Fig.  4. 6.1. a. 


In  the  altitude  test  cell  configuration r  the  engine  thrust  stand  measures  only  a  por¬ 
tion  of  the  axial  forces  present  on  the  metric  engine  free  body.  The  total  forces  acting 
on  the  free  body  for  a  planar  nossle  engine r  the  simplest  of  the  engine  arrangements,  are 
shown  in  Fig.  4.6. l.b.  The  gross  thrust.  Fg,  is  the  sins  of  the  momentum  and  pressure 
area  terms  at  the  engine  inlet  and  the  scale  force  measured  from  the  engine  thrust  stand. 


HlhrutlFrMM 

OGround  Plmplus  CtUbratfon  «nd  Mmsuring  Egulgmsnt 
~**Cusbm  EfiflfW  Mwn( 


Note;  Pq  is  tht  uniform  pressure 
in  the  test  cell. 


Grew  Thrust  Definition 

Gross  Thrust  Eeuetlon 
FC  •  M,V,  ♦  A, IP,  -  P^l  ♦  FS 


Fig.  4. 6.1. a.  Thrust  Stand  Schematic. 


Fig.  4.6. l.b.  Total  Forces  Acting  on  the 
Free  Body  for  a  Planar 
Nozzle  Engine. 


4.6.2  Error  Source  Audit 

An  example  error  audit  for  a  nonafterbuming.  low-bypass  turbofan  engine  test  is  con¬ 
tained  in  Table  4.6.1.  sdiich  identifies  and  quantifies  the  individual  error  sources. 

Table  4.6.2  shows  a  sunmary  of  the  errors  by  group  to  show  the  relative  influence  of  each 
group.  The  scale-force  error  components  and  uncertainty  using  the  U^dd  model  is  also 
shown. 

4.7  Net  Thrust  snd  Thrust-Speclfk  Fuel  Consumption 

The  net  thrust  is  determined  from  the  engine  gross  thrust  (shown  in  Fig.  4. 6. l.b)  by 
subtracting  the  ram  drag.  Ram  drag  is  the  product  of  airflow  and  flight  velocity. 

Net  Thrust  «  Gross  Thrust  -  (Airflow  x  Flight  Velocity) 

The  specific  fuel  consuiiq>tlon  is 

Thrust  Specific  Fuel  Consumption  «  Fuel  Flow/Net  Thrust 

The  final  error  results  from  each  of  the  measurement  systems  are  propagated  to  obtain 
the  total  measurement  uncertainty  for  the  overall  engine  performance  parameters.  These 
measurement  error  results  are  shown  in  Table  4.7.1. 

Table  4.7.2  provides  the  sensitivity  of  turbine  engine  net  thrust  to  each  of  the  in¬ 
dependent  error  sources.  As  would  be  expected,  the  measurement  uncertainty  is  strongly 
influenced  by  the  engine  cycle  and  engine  operating  ccmditions  of  altitude.  Hach  nun^r. 
and  power  setting.  The  sensitivity  is  expressed  in  terms  of  t.ie  influence  coefficient. 

Independent 
»FN  ,  Variable 

TTlo3epen3ent  FN 

Variable) 

For  example,  for  a  one-percent  change  in  scale  force,  the  net  thruat  will  change  0.87 
percent  at  sea-level  conditions.  The  influence  coefficients  are  combined  with  the  preci¬ 
sion  snd  bias  error  components  to  (^tain  the  net  thrust  uncertainty  presented  in  Table 
4.7.3. 
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Table  4.6.1.  Scale-Force  Steady-State  Elemental 
Error  Source  Audit. 


Noruftarburnirw.  Le«-lyfHS  Turbotan  MMSursnent  ftanqe 

15Kto50K  H 

Precision  IndCR 

lies  Limit 

Pecent 

Oograes* 

Percent 

Error  Source 

of 

a* 

S 

Mr« 

FreedoR 

ReiSng 

1.  Celibretion  (Trensler  Error! 

«.  Nrtonel  StanArd  to 

aon 

>30 

008 

Uboratary  Startovtf 

b.  Ijboratory  StanArd 

ao9 

>30 

am 

to  btorking  Standvd 

c  Working  Staratord  to 

aoM 

>» 

010 

MMSuremont  Systaoi 

s^,-iaon 

(1.  Instaltolion/EnMroniMnt 

a.  Loed  Cei  AsMont 

QOS 

>30 

004 

Pressure 

b.  Tore  lends 

aw 

>30 

am 

c.  Centarilne  leeding 

aoBs 

>J0 

0017 

d.  ThetMl  Effects 

atw 

IS 

OOM 

e  Coll  Cootinq  Air 

aoo7 

>30 

0007 

f.  UbyrlnthSel 

aou 

12 

002 

Msifi^nment 

'ke-**”* 

«„E>» 

III-  Oeta Acquisition 

a  Eicitation  Voltaoe 

aoii 

>30 

oon 

b.  Electricil  Siirulabon 

aou 

>30 

0  011 

c.  Siqnel  Conditioninq 

an) 

>30 

Negligible 

d.  Aruiog-to-Oigital 

Neelioible 

NeoHotole 

Conversion 

IV.  Dele  Processing 

e.  Coneuter  Resolution 

Neotiqible 

Negligible 

b.  Curve  Fitting 

Negiiqibie 

Negligible 

v® 

•dp  ■  • 

•  41 167 
total 

Table  4.6.2.  Scale-Force  Steady-State 
Error  Source  Audit 
Sunmary. 


Precision  Indv 

Oies  Limit 

Porcont 

Oogrets* 

Pecont 

Error  Source 

a 

of- 

of 

ROiding 

Froodom 

Reeding 

CaUbreSon 

TranstarError 

10073 

>30 

10 106 

InstalMioiW 

Environaent 

lOOM 

>30 

10177 

Me 

AcquisNion 

lots 

>30 

10016 

Oita 

Prectssing 

lO 

>30 

10 

Error Cauftnenh:  “JES?*  ifil?  iO.17 


Uncrtiintf  •  i  [la  I7l  »  at  l?l]  •  rO.  41  p«rcent 


Table  4.7.1.  Steady-State  Measurement 
Uncertainty  Estimates 
(Nonafterburning,  Low- 
Bypass  Turbofan) . 


Precision 

8t»s 

Uncartalnbi 

Indti  IS) 

limit  <01 

“ado 

Percent 

O.Sr«!- 

Percent 

Percent 

Peremettr 

Rjnoe 

of 

Of- 

or 

or 

Reeding 

Freedom 

Roding 

Reading 

Flow  Total 
Pressure 

)$  to  100  KPA 

1007 

>30 

lOlS 

10  29 

Flow  Total 
Tompreture 

03I«33«”k 

10« 

>30 

10  27 

10  34 

Scele  Force 

ISKtoSOK  N 

1017 

>30 

1017 

104) 

Fuel  Flow 

06  to  1.5  bg/sec 

1019 

>30 

1024 

1062 

Airflow 

TOtolCCkglsoc 

10076 

>30 

•0,22 

10  37 

Table  4.7.2.  Influence  Coefficient 
Matrix  for  Net  Thrust 
(Nonafterburning,  Low- 
Bypass  Turbofan  at 
Military  Power) . 


Indipendent  Paremetor 

Influence Coemcienl~  • 

61 1  FN 

Altitude’  See  level 
MKh  Na  ’  0 

Altitude- 30  OQOn 
MtachNo.  *09 

Sciit  Fvce 

Ot7 

076 

Engine  Inlet  Total  Pressure 

1.30 

LB 

Engine  Inlet  Total  Tonporeturo 

007 

019 

im  Seel  Stalk  Pressure 

-OB 

•001 

Tost  Cell  Ambient  Pressure 

•1.41 

•OSS 

Venturi  Inlet  Total  Pressure 

014 

•037 

Venturi  Inlet  Total  Temperiture 

•007 

Oil 

*Tbt  pirliti  tfiffrtirtiai  elu*  el  net  thruxl  ivlth  rMptct  to  the  inMpentftnt 
Bremeltr  Hnn  the  ritio  (f  the  intfetitoenl  Bremetor  to  net  thrust  Wth 
ellelNr  eiremetors  l>ftt  constant 


Table  4.7.3. 


Steady-State  Engine  Performance  Paraaieter  Uncertainty 
Estimates  (Nonafterburning,  Low-Bypass  Turbofan) . 


FN^  1 

Condraons  | 

1  IM  Thrust  1 

1  Spedfk  Fuel  ComsunpOon  I 

PrtMon 

Otas 

Mcirtaln^ 

"an 

PreefsJen 

ttaf 

Unnrtalnb 

"aw 

Percent 

d 

VWm 

■  i» . ■ 

Percent 

or 

VWue 

1^2131 

m 

Percent 

or 

Vblue 

Pe^ 

Vblue 

er 

Vblue 

I2E3 

AMRuda 

n 

suae 

Mltarir 

017 

>30 

031 

09 

m 

>30 

04D 

0*1 

BB 

1  ^  1 

mem 

>3» 

09 

043 

la 

>3« 

■SI 

on 

.  “1';^ 
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S.O  CONCLUDING  REMARKS 

This  paper  reviews  a  standard  BsasureBent  uncertainty  methodology,  its  development 
background,  and  national  and  international  acceptance.  The  general  procedural  steps  in 
applying  the  methodology  to  measurement  processes  were  reviewed,  and  examples  illustrat-> 
ing  results  of  uncertainty  analysis  from  typical  turbine  testing  measurement  systems 
showing  both  error  source  audits  and  uncertainties  from  the  ABDC/BTF  were  provided. 

Implementation  of  the  uncertainty  methodology  provides  (1)  a  systematic  way  to  eval¬ 
uate  and  report  measurement  uncertainties,  (2)  a  basis  for  a  detailed  understanding  of 
measurement  systems  performance  such  that  system  improvement  planning  can  be  based  on 
cost  versus  benefit  analysis,  (3)  information  to  enable  the  selecting  and  tailoring  of 
measurement  systems  and  practices  to  aMet  test  program  requirements,  and  (4)  a  basis  for 
cosparison  of  test  results  between  test  facilities. 

Future  efforts  should  be  directed  toward  total  national  and  international  acceptance 
and  implementation  of  the  described  methodology  by  the  propulsion  testing  industries, 
instrumentation  manufacturers,  and  others  related  to  the  testing  industry.  The  propul¬ 
sion  testing  industries  should  continue  to  explore  %iays  to  improve  estimating  and 
validating  bias  errors  through  cooperative  efforts. 
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SmNART 


The  teohnlquea  currently  adopted  In  the  8ft  z  8ft  Wind  TUnnel  at  RAE  Bedford  for 
the  accurate  aeaaureBent  of  drag  are  deacrlbed  In  detail.  Data  are  preaented  from  three 
aarlea  of  teata  on  a  andal  of  the  A  310  aircraft  and  theae  demonatrate  the  level  of 
accuracy  which  can  be  achieved. 

LIST  OP  SYMBOLS 

Cj^'  realdual  coefficient  of  axial  force  (body  azea) 

Cq  coefficient  of  drag 

Cq'  realdual  coefficient  of  drag 

Cj_  coefficient  of  lift 

C||  coefficient  of  normal  force  (body  azea) 

C||'  realdual  coefficient  of  normal  force  (body  azea) 

M  Mach  number  corrected  for  blockage  effecta 

aN  Increment  In  Mach  number  due  to  model  blockage 
a  Incidence 

i  roll  angle 


1  INTRODUCTION 

The  accurate,  repeatable  meaaurement  of  drag  preaenta  the  wind  tunnel  engineer  with 
one  of  hla  more  difficult  problema.  In  particular,  meaaurement  of  the  drag  of  a  aubaonle 
civil  tranaport  model  at  crulae  condltlona  to  the  accuracy  required  for  project  evaluation 
provldea  a  moat  aevere  teat  of  quality  for  the  tunnel  environment,  Inatrumentatlon  and 
experimental  procedurea.  Crulae  condltlona  for  aueh  a  model  repreaent  a  drag  coefficient 
of  approximately  0.03  at  a  lift  coefficient  of  0.5.  Thua  the  achievement  of  an  accuracy 
of  one  drag  count  (le  0.0001  on  Cq)  requlrea  the  direction  of  the  reaultant  aerodynamic 
force  on  the  model  to  be  defined  to  an  accuracy  of  0.01*,  which  preaenta  a  daunting 
challenge. 

The  RAE  haa  a  long  hlatory  of  Involvement  In  drag  meaaurement  for  reaearch  and 
military  and  civil  projecta,  and  the  teohnlquea  currently  employed  In  the  8  ft  x  8  ft  Wind 
Tunnel  are  eaaentlally  the  aame  aa  thoae  developed  over  20  yeara  ago  and  deacrlbed  In 
Ref  1.  In  the  Intervening  yeara  the  Inatrumentatlon  and  data  acqulaltlon  ayatem  have  been 
tranaformed  and  there  have  been  aome  reflnementa  In  technique  but  both  the  atraln  gauge 
balance  dealgn  developed  In  the  1960'a  and  the  baalc  phlloaophy  have  atood  the  teat  of 
time. 


Thla  Paper  deacrlbea  the  prooeaa  by  which  drag  data  la  produced  for  Brltlah 
Aeroapace  In  aupport  of  the  varloua  Alrbua  projecta.  Before  It  can  be  uaed  directly  for 
project  evaluation  the  data  muat  be  corrected  for  aupport  atlng  Interference,  wake 
buoyancy  effecta,  model  dlatortlon,  tranaltlon  trip  drag,  tall  plane  trim  drag,  propul- 
alon  effecta  etc,  but  theae  are  toplca  In  their  own  right,  aome  of  which  are  dlacuaaed  In 
Ref  1.  It  aeemed  appropriate  In  thla  Paper  to  concentrate  on  a  detailed  dlacuaalon  of  the 
problema  Involved  In  generating  the  baalc  drag  data  which  form  the  eaaentlal  atartlng 
point  for  theae  additional  correctlona.  Some  of  the  problems  and  teohnlquea  adopted  are 
apeclfic  to  the  environment  of  the  8  ft  x  8  ft  'Rinnel  and  the  equipment  which  la  available 
but  It  la  hoped  that  the  overall  picture  will  be  Informative. 

Data  from  testa  on  a  model  of  the  A  310  configuration  are  preaented.  Thla  particu¬ 
lar  model  has  been  tested  on  three  separate  oecaalons  over  a  period  of  four  yeara.  Involv¬ 
ing  two  different  strain  gauge  balancea,  and  the  data  should  offer  a  fair  picture  of  the 
accuracy  and  repeatability  which  Is  possible  with  sufficient  care  and  attention  to  detail. 

2  DESCRIPTION  OP  THE  WIND  TUNNEL 

The  8  ft  X  8  ft  Wind  Tunnel  la  a  conventional,  pressurised,  continuous  flow  tunnel 
(Pig  1)  which  has  several  unusual  features.  The  number  of  compressor  stages  can  be 
varied,  with  a  permanently  Installed  low  pressure  section  (originally  with  four  stages  but 


now  with  only  two)  for  Bubsonlo  teatlng,  and  a  reaovable  six  stage  high  pressure  section 
which  Is  Inserted  for  testing  at  supersonic  speeds.  The  roof  and  floor  of  the  test  sec¬ 
tion  and  nossle  consist  of  long  flexible  plates  which  can  be  continuously  adjusted  to 
generate  the  required  supersonic  flow.  The  diffuser  has  novable  sidewalls  which  are 
adjusted  to  laprove  pressure  recovery  at  supersonic  speeds.  They  can  also  be  used  to 
generate  a  sonic  throat  lasMdlately  downstreasi  of  the  test  section  for  control  of  subsonic 
Nach  nuaber  above  Naoh  O.t  and  increaental  steps  of  0.001  in  Hach  number  can  be  readily 
achieved.  At  subsonic  speeds,  the  sonic  throat  also  Inhibits  the  upstream  transmission  of 
aerodynamic  noise  generated  In  the  diffuser,  resulting  in  a  quiet  flow  In  the  test  sec¬ 
tion.  The  flow  quality  is  further  enhanced  by  the  presence  of  a  horlsontal  tube  cooler 
upstreaa  of  the  settling  chaaber.  This  consists  of  over  STOOD  tubes  S  m  long  and  30  sa 
Internal  dlaaeter  and  acts  as  an  extreaely  efficient  honeycomb. 

The  tunnel  has  good  control  of  stagnation  pressure,  temperature  and  humidity  down 
to  a  frost  point  of  -A0*C,  and  the  operating  range  of  the  tunnel  (Pig  2)  offers  a  useful 
variation  In  Reynolds  number,  particularly  at  subsonic  speeds.  Sting  mounted  models  are 
firmly  supported  from  an  extremely  stiff  quadrant  giving  precise  and  repeatable  control  of 
model  attitude. 

In  summary,  the  design  of  the  tunnel  and  the  control  of  flow  parameters  provide  an 
excellent  environment  for  high  quality  aerodynamic  testing. 

3  THE  BALANCE  AND  INSTRUMENTATION 

Details  of  the  strain  gauge  balances  used  for  Airbus  testing  are  presented  In 
Pig  3.  The  balances,  manufactured  from  maraglng  steel,  are  76.2  mn  (3  Inches)  in  diameter 
and  are  designed  for  a  maximum  normal  force  of  17.8  kN  (4000  lb).  At  each  end  of  the 
balance  there  Is  a  taper  Joint  of  16*  Included  angle  and  great  care  Is  taken  with  the 
assembly  of  these  Joints  when  rigging  the  model  to  minimise  the  effects  of  Joint  slip. 

This  cannot  be  completely  eliminated  and  the  effects  need  to  be  measured  as  part  of  the 
experimental  technique  described  later. 

The  balance  bridges  are  thermally  compensated  for  zero  shift  but  not  for  variations 
In  Young's  Modulus.  The  effects  of  possible  thermal  gradients  along  the  balance  are  mini¬ 
mised  by  the  use  of  dual  element  gauges  and  by  careful  positioning  of  the  bridges. 
Temperatures  are  monitored  at  several  points  on  the  balance  during  wind  tunnel  testing. 

The  basic  calibrations  over  the  design  load  range  are  carried  out  at  room  temperature  and 
the  partial  calibrations  described  In  section  5  are  made  at  more  representative  tempera¬ 
tures  to  define  the  sensitivity  of  each  Individual  balance  channel  for  use  In  the  data 
reduction  process.  Experience  over  many  years  has  established  that  the  balance  design  Is 
basically  sound  and  that  the  calibration  can  be  adequately  defined  over  the  complete  load 
range  by  means  of  simple  first  and  second  order  interactions. 

The  balance  signals.  In  the  zlO  mV  range,  are  passed  through  Individual  1000:1 
fixed  gain  amplifiers  and  low  pass  filters  which  are  usually  set  to  1  Hz  for  accurate  drag 
measurement.  The  unflltered  signals  are  also  monitored  to  provide  a  continuous  check  on 
the  dynamic  behaviour  of  the  model.  The  filtered  signals  are  multiplexed  through  a  16  bit 
analogue  to  digital  converter  scanning  at  70  KHz.  Several  sasq>les  of  data  are  taken  at 
each  test  condition.  Inspected  for  noise  and  then  averaged.  Electrical  noise  Is  minimal 
and  the  resolution  Is  mors  them  adequate;  typically  one  drag  count  represents  about  25  adc 
counts  for  the  data  presented  In  this  Paper.  The  amplifiers  can  be  calibrated  at  any  time 
during  a  test  as  can  the  adc  using  a  16  bit  binary  voltage  source. 

Quadrant  attitude  Is  monitored  by  an  absolute  encoder  having  a  resolution  of  0.001* 
and  calibrations  have  established  that  the  simple  rack  and  pinion  drive  Is  extremely 
linear  with  no  discernible  hysteresis.  The  sturdy  construction  of  the  support  system 
ensures  that  the  attitude  of  the  quadrant  Is  unaffected  by  aerodynamic  load.  Deflections 
under  load  of  the  sting  and  balance  are  calculated  using  calibration  data  generated  during 
the  test  series  as  explained  In  section  5.  An  inclinometer  can  be  mounted  In  the  model  as 
an  additional  cheek  on  Incidence  but  this  Is  not  essential  to  the  technique. 

The  various  reference  pressures  which  are  required  for  the  data  processing  are 
measured  by  individual  self-balancing  capsule  manometers  (Ref  2) .  Although  these 
manometers,  with  large  Internal  reservoirs,  have  a  slow  response,  they  have  a  very  stable 
zero  and  calibration  and  have  proved  extremely  reliable  for  over  30  years.  The  manometers 
recording  stagnation  pressure  have  a  resolution  of  0.01  Inch  of  mercury  (0.34  mbar)  rep¬ 
resenting  0.0161  of  set  pressure  at  high  Reynolds  number.  Those  recording  the  various 
wall  hole  pressures  have  a  resolution  of  0.006  Inch,  (0.17  mbar)  0.0241  of  dynamic 
pressure  at  cruise  Mach  number. 

4  A  310  MODEL  INSTALLATION 

The  A  310  was  represented  by  a  model  of  approximately  1:26  scale  with  a  wing  span 
of  1.67  m  (5.48  ft)  and  an  overall  length  of  1.75  m  (5.74  ft).  The  tallplane  and  nacelles 
were  not  represented  for  the  particular  tests  discussed  In  this  Paper.  Transition  bands, 
coivrlslng  a  sparse  distribution  of  appropriately  sized  glass  beads  retained  by  a  thin 
film  of  epoxy  adhesive,  were  applied  to  all  surfaces.  The  mass  of  the  model  varied  over 
the  three  series  of  tests,  averaging  158  kg  (348  lb). 

The  sndel  was  supported  on  a  76.2  an  (3  Inch)  diameter  sting  (Pig  4)  which  pos¬ 
itioned  the  balance  centre  185  sa  (7.3  Inches)  upstreaa  of  the  centre  of  rotation  of  the 
quadrant.  The  forward  attaohannt  block  was  designed  to  Incline  the  fuselage  datum  3*  nose 
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down  relatlTO  to  tb«  atlng/balanee  axla.  The  cylindrical  cavity  In  the  rear  fuaelage,  to 
provide  clearance  for  stlns/balance  deflectlone,  had  a  dlaneter  of  95>2  (3<T5  Inchea). 

5  TEST  PROGEDDRES 

All  drag  ■eaeureaente  on  Alrbua  aodels  follow  well  established  test  procedures. 
Prior  to  the  aaln  test  runs  a  short  'wans-up*  run  is  carried  out  In  idilch  the  tunnel  Is 
operated  at  representative  teat  conditions  and  the  nodel  Is  taken  through  the  full  antici¬ 
pated  range  of  aerodynaalc  loads.  This  short  prellalnary  run  brings  the  aodel,  balance 
and  tunnel  up  to  a  reasonable  working  tenperature  and  level  of  dryness,  as  well  as  exer¬ 
cising  the  balance  and  the  various  Joints  In  the  support  systen. 

Balance  Beasureiients  are  taken  before  each  run  at  several  angles  of  pitch  and  roll 
to  deteralne  the  weight  of  the  nodel  and  the  ‘zero  gravity'  zero  for  each  balance  channel. 
The  nodel  weight  Is  a  significant  proportion  of  the  subsequent  aerodynamic  loads  and  a 
detailed  inspection  of  the  pre-run  data  provides  a  check  of  some  of  the  parameters  being 
used  for  the  data  reduction. 

During  a  teat  run,  drag  polars  are  generated  at  a  range  of  Hach  numbers  close  to 
cruise,  generally  at  one  fixed  Reynolds  number  which  for  the  A  310  was  6.2  x  10°  based  on 
aerodynamic  nean  chord.  Heasurenents  are  nade  with  the  nodel  at  roll  angles  of  0*  and 
180*,  the  data  being  used  subsequently  to  conflm  or  re-determlne  some  of  the  parameters 
used  In  the  analysis,  as  explained  In  section  6. 

An  unfortunate  feature  of  the  8  ft  x  8  ft  Tunnel  is  that  up  to  75  minutes  can 
elapse  between  taking  the  initial  balance  zeros  and  achieving  the  first  set  of  test  con¬ 
ditions.  This  is  due  partly  to  the  need  to  synchronise  the  main  compressor  drive  motor 
with  the  power  supply  and  partly  to  the  slow  charging  rate  currently  available.  During 
this  period  It  is  possible  for  the  balance  zeros  to  drift  slightly  so,  after  the  main  drag 
polars  have  been  completed,  a  small  amount  of  data  is  repeated  at  each  Mach  number  and 
then  the  tunnel  is  stopped  and  brought  back  to  atmospheric  pressure  as  quickly  as 
possible,  generally  in  less  than  ten  minutes.  Data  taken  before  and  after  the  run  are 
inspected  and  the  repeat  wind-on  data  is  compared  with  the  main  drag  polars  to  confirm 
that  the  indicated  drifts  during  the  run  are  within  acceptable  limits . 

In  each  test  series  a  run  is  carried  out  to  confirm  that  boundary  layer  transition 
has  been  adequately  fixed  at  the  test  Reynolds  number,  without  being  over  fixed.  Visual 
techniques  have  not,  up  to  now,  proved  successful  In  the  8  ft  x  8  ft  Tunnel  and  the  method 
currently  in  use  is  to  measure  the  drag  at  a  fixed  Mach  number  over  a  range  of  Reynolds 
number  and  to  compare  the  data  with  theoretical  estimates. 

Finally,  before  the  model/stlng  assembly  Is  disconnected  from  the  quadrant,  a 
series  of  dead  loads,  combinations  of  normal  force,  axial  force  and  pitching  moment 
covering  the  range  experienced  during  the  tests,  are  applied  to  the  model  which  is  sup¬ 
ported  in  an  inverted  position.  These  loads  provide  a  check  of  the  primary  sensitivities 
of  the  balance  channels  and  of  the  more  significant  interactions  onto  axial  force.  In 
addition,  the  angular  deflection  under  load  is  measured  between  the  quadrant  and  the  model 
datum,  including  the  small  but  significant  internal  deflection  between  the  model  datum  and 
the  'live'  end  of  the  balance. 

At  each  loading  the  quadrant  is  adjusted  to  maintain  the  fuselage  datum  at  a  fixed 
attitude,  generally  horizontal  but  3*  nose  up  for  the  particular  A  310  configuration 
because  of  the  model/balance  angle.  Indicated  balance  loads  and  quadrant  attitude  are 
recorded.  When  the  loadings  are  complete  additional  measurements  are  made  to  determine 
certain  angles  which  are  required  for  the  data  reduction.  They  Include  the  pitch  angle 
which  would  exist,  under  zero  gravitational  force,  between  the  roll  axis  and  the  fuselage 
datum  and  between  the  balance  and  the  roll  axis.  The  significance  of  the  various  measure¬ 
ments  Is  discussed  in  the  next  section. 

This  calibration  process  is  time  consuming  and  it  would  clearly  be  far  simpler  to 
use  a  standard  calibration  for  the  balance  and  an  Inclinometer  to  determine  the  attitude 
of  the  model.  To  adopt  such  a  technique  would  involve  Ignoring  the  possibility  that  the 
balance  primary  sensitivities  and  interactions,  as  well  as  the  Internal  model  deflections, 
may  depend  on  the  particular  installation,  whereas  experience  In  the  8  ft  x  8  ft  Wind 
Tunnel  has  shown  that  drag  accuracy  is  lost  if  these  factors  are  Ignored. 

6  DERIVATION  OF  PARAMETERS  FOR  DATA  REDDCTION 

Each  balance  has  a  well  defined  calibration  consisting  of  primary  sensitivities 
together  with  amitrlees  of  first  and  second  order  Interactions  referred  to  axes  aligned 
with  the  'live'  end  of  the  balance.  An  instrumentation  fault  la  suspected  If  any  primary 
sensitivity  Indicated  by  the  In-stream  calibration  differs  from  the  standard  value  by  more 
than  0.251.  A  further  cheek  on  the  primary  sensitivities  of  the  normal  and  axial  force 
channels  can  be  obtained  by  comparing  known  values  of  nodel  weight  with  those  derived  form 
the  balance  data  taken  before  each  teat  run. 

For  convenience,  and  to  avoid  the  need  to  deteralne  separately  the  flexibility  of 
the  model/balance  connection  under  applied  nonsal  force  and  pitching  moment,  the  balance 
Interatlons  are  re-deflned  so  as  to  refer  to  axes  which  are  fixed  In  the  nodel  and  aligned 
with  the  forward  end  of  the  balance  at  zero  load.  In  particular  this  can  require  appreci¬ 
able  changes  to  be  made  to  the  Interactions  onto  axial  force  frtna  (Normal  force)'  and 
(Normal  force)  x  (Pitching  moment). 
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The  total  daflaotlon  of  tba  atlns/balance/Bodel  asaenbly  oan  be  aa  high  aa  1.2*  at 
the  teat  eonditlona  impropriate  to  erulae.  The  reaponaa  to  load  la  linear  except  for 
aaall  dlffereneea  between  data  for  Increaalng  and  deereaalng  load,  due  to  alight  hyater- 
eala  In  the  allp  of  the  varloua  Jolnta  In  the  aupport  ayatem. 

The  data  from  the  In-atreaa  calibration  la  proceaaed  ualng  the  derived  balance 
paraaetera  together  with  the  eeaeured  anglea  and  f lexlbllltlea .  Ihe  analyala  ahould  con¬ 
firm  that  the  model  wee  at  aero  Incidence  with  aero  applied  drag  force  throughout  the 
calibration  and  there  la  aoae  acope  for  fine  tuning  of  the  varloua  paranetera  to  Improve 
the  oollapae  of  the  data.  The  analyala  of  the  aerodynamic  data  from  the  main  teata,  par¬ 
ticularly  comparlaona  between  meaaurementa  made  at  roll  anglea  of  0*  and  180*  may  auggeat 
the  need  for  further  email  alteratlona  to  the  proceaalng  parametera,  aa  dlacuaaed  In  the 
next  aectlon.  The  final  cholco  of  parametera.  which  la  Individual  to  the  particular  teat 
aerlea,  la  baaed  on  an  overall  aaaeaament  of  the  available  data. 

Turning  now  to  the  tunnel  airflow  parametera.  Ref  3  deacrlbea  In  detail  the  method 
adopted  for  calibrating  the  aolld-walled  teat  aectlon  and  for  determining  the  dynamic 
preaaure  at  the  model,  corrected  for  the  effecta  of  blockage.  Riga  5  and  6  ahowa  the 
variation  with  Mach  number  of  the  theoretical  Increaae  In  Mach  number  due  to  blockage  at 
the  model  reference  point  and  the  realdual  variation  over  the  planform  of  the  model  at 
Mach  0.78.  The  aame  linear  theory  can  alao  be  uaed  to  eatlmate  the  changes  In  static 
pressure  at  selected  positions  on  the  roof  and  floor  of  the  test  section  adjacent  to  the 
model.  Comparison  between  the  eatlmated  changes  at  the  wall  and  those  actually  measured 
during  the  teats  generates  a  correction  to  the  estimated  blockage  effect  at  the  position 
of  the  iBodal. 

The  mean  cross-flow  at  the  model  la  determined  by  comparing  the  variation  of  lift 
with  Incidence  measured  with  the  model  mounted  at  roll  angles  of  0*  and  l8o*.  A  downwash 
angle  of  approximately  0.03*  la  Indicated,  which  la  relatively  Independent  of  Mach  number 
and  Reynolds  number. 

7  ANALTSIS  OP  THE  A  310  DATA 

Three  series  of  teata  were  performed  on  the  A  310  model.  In  1983  using  the  3  Inch 
'O'  balance  and  In  1986  and  1987  on  the  3  Inch  'Q'  balance.  The  model  was  assembled  to 
nominally  the  same  aerodynamic  standard  for  each  test  series  with  the  same  position  and 
quality  of  transition  bands.  Because  of  practical  difficulties  experienced  during  the 
first  two  series,  there  was  some  uncertainty  about  the  derivation  of  some  of  the  par¬ 
ametera  required  for  the  analysis  of  the  data.  Additional  hardware  was  manufactured  for 
the  1987  tests  and  a  comprehensive  In-stream  calibration  was  carried  out,  which  had  not 
previously  been  possible  with  this  particular  model.  The  data  was  analysed  In  accordance 
with  the  process  outlined  In  section  6. 

Pig  7  presents  a  comparison  of  data  obtained  In  1987  at  Mach  numbers  of  0.78  and 
0.8  at  hl^  Reynolda  number  for  the  model  mounted  at  roll  angles  of  0*  and  160*.  In  an 
attempt  to  Improve  the  presentation  of  the  data  and  to  highlight  the  discrepancies  and 
experimental  scatter,  the  aerodynamic  coefficients  have  been  modified  by  the  removal  of  a 
linear  variation  of  normal  force  with  Incidence  In  Fig  7a,  a  parabolic  variation  of  axial 
force  with  normal  force  In  Pig  7b,  and  a  lift  dependent  drag  term  In  Pig  7c. 

Collapse  of  the  normal  force  data  confirms  that  the  sting  support  system,  at  zero 
Indicated  pitch  angle.  Is  correctly  aligned  with  the  mean  flow  direction.  There  Is  a 
small  uncertainty  In  the  determination  of  cross  flow  angle  because  of  the  experimental 
scatter  evident  In  Pig  7a.  The  computation  of  drag  Is  sensitive  to  angular  error,  so 
axial  force,  for  which  the  computation  does  not  Involve  flow  angle.  Is  Inspected.  The 
collapse  of  the  data  shown  In  Pig  7b  confirms  the  choice  of  the  various  parameters  used  In 
the  data  reduction,  and  collapse  of  the  drag  data  then  provides  further  confirmation  of 
the  correct  determination  of  cross  flow  angle.  The  derivation  of  the  parameters  for  the 
data  reduction  was  straightforward  for  this  particular  test  series  and  the  collapse  of  the 
data  was  very  satisfactory.  This  Is  not  always  the  case  and  the  analysis  can  become  a 
protracted  process  of  adjusting  the  many  parameters  within  prescribed  tolerance  limits  to 
provide  the  best  collapse  of  the  data  from  the  aerodynamic  tests  and  the  In-stream  balance 
calibration. 

The  accompanying  Table  quantifies  the  main  corrections  which  must  be  applied  to  the 
axial  force  measurements  at  a  typical  condition,  C,  -  0.476  at  Mach  0.78.  (Axial  force 
Indicated  by  the  balance  Is  negative  because  of  the  3*  balance/model  angle.)  At  zero  roll 
angle  the  values  of  the  corrections  have  been  obtained  by  Interpolation  as  no  data  Is 
available  at  exactly  this  condition. 


t  -  0* 

a  -  180* 

Indicated  axial  force  (Newtons) 

Correction  for  first  order  balance  Interactions 
Correotlon  for  second  order  balance  Interactions 
Correction  for  model  wei^t 

Correction  for  sting  cavity  pressure 

Corrected  axial  force  (Newtons) 

(1  drag  count  s  1.9  Newtons) 

-62.4 

-89.7 

+24.9 

-109.0 

+41.8 

-194.4 

-266.1 

-124.7 

+46.4 

+110.5 

+38.9 

-195.0 

.... 
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Ib«  tftfferMoe  In  load  indloatad  b;  the  axial  force  ohannal  at  roll  anglea  of  0* 
and  180*  la  aqulvalant  to  aore  than  100  drag  counts.  Ste  nagnltudea  of  the  balance 
Intaraetlona  are  different  for  the  tao  conditions  because  of  the  asjneietrle  Banner  in 
wbloh  the  gravitational  loads  eontribute  to  the  total  loads.  The  renoval  of  the  eonponent 
of  aodel  aelAt  Is  the  aost  significant  correction,  largely  because  of  the  3*  balance/ 
aodel  angle  for  this  particular  configuration,  and  highlights  the  need  for  accurate  deter- 
Blnatloa  ot  the  wel^t  of  the  aodel  and  the  total  angular  deflection.  The  different 
corrections  for  sting  cavity  pressure  arise  because  the  sting  Is  in  a  different  position 
In  tbs  cavity  in  the  tao  eases  due  to  the  deflection  of  the  sting  and  balance  under  gravi¬ 
tational  load,  this  difference  Is  unls^rtant  however  because  It  has  been  established 
during  asasureaents  of  sting  Interference  that  although  aoveasnt  of  the  sting  In  the 
cavity  does  cause  appreciable  variations  In  the  Internal  pressure.  It  does  not  affect  the 
nett  external  drag  force. 

CoBparatlve  data  froa  the  three  series  of  tests  are  presented,  again  In  modified 
fora.  In  fig  8.  The  apparent  dlsorepanoy  In  fig  Ba  between  the  data  collected  In  1983  and 
the  later  tests  Is  equivalent  to  an  error  In  Incidence  of  approxlaately  0.02*.  As  the 
data  for  roll  anglea  of  0*  and  180*  collapse  satisfactorily,  this  Issues  that  the 
balance/model  an^e  of  3*  was  underestlaated  for  the  1983  tests.  This  error  would  reduce 
the  coaputed  axial  force  coefficient  by  O.OOOIT  at  a  lift  coefficient  of  0.5  and  there  Is 
a  suggestion  of  such  an  error  In  the  data  presented  In  Fig  8b.  On  the  other  hand  the  com¬ 
putation  of  drag  would  be  unaffected  and  Indeed  the  repeatability  of  the  drag  data  across 
the  three  series  of  tests  Is  very  reassuring. 

It  was  pointed  out  earlier  In  the  section  that  the  calibration  procedures  were  not 
entirely  satisfactory  for  the  early  teat  series  resulting  In  snail  uncertainties  In  the 
definition  of  sone  of  the  parasieters,  particularly  the  anglea  which  have  such  a  signifi¬ 
cant  effect  on  the  data  reduction.  Despite  these  small  discrepancies  It  Is  felt  that  the 
repeatability  of  the  data  across  the  three  series  of  tests  Is  acceptable,  particularly 
when  It  Is  appreciated  that  two  different  strain  gauge  balances  were  Involved  and  that  the 
repeatable  assembly  of  a  wind  tunnel  model  can  never  be  guaranteed  absolutely. 

8  CONCLUOINO  REMARKS 

It  would  be  wrong  to  suggest  that  the  level  of  accuracy  demonstrated  In  this  Paper 
can  be  achieved  automatically  for  all  test  series.  The  conditions  for  each  test  are  dif¬ 
ferent  In  detail,  particularly  the  angles  and  deflections  which  have  such  an  Important 
Influence  on  the  determination  of  drag.  Care  and  vigilance  are  required  In  applying  the 
experimental  techniques  and  analysing  the  data,  and  the  techniques  are  constantly  being 
reviewed.  An  Integral  stlng/balance  Is  currently  being  manufactured  which  will  eliminate 
the  stlng/balance  Joint  and  Improve  the  rigidity  and  repeatability  of  the  model  attach¬ 
ment,  and  there  Is  some  scope  for  improvement  In  model  design  to  minimise  the  Internal 
deflections  under  load. 

It  Is  hoped  that  these  Improvements  will  reduce  the  need  for  some  of  the  comprehen¬ 
sive  calibration  procedures  which  are  currently  found  to  be  necessary  but  It  Is  antici¬ 
pated  that  the  generation  of  accurate  drag  data  will  continue  to  present  a  significant 
technical  challenge. 
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la)  Variation  of  normal  force  with  incidence 
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SUMMARY 

This  paper  covers  the  desigOf  development  and  operation  of  an  advanced  afterbody 
drag  rig  at  the  High  Speed  Wind  Tunnel,  Warton. 

The  rig  has  been  extensively  used  over  a  16  year  period  for  minimisation  of  modern 
combat  aircraft  afterbody  drag.  Accurate  incremental  drag  data  is  produced  by  measurement 
of  the  axial  force  on  a  fully  representative  metric  afterbody  section. 


A  full  description  of  the  rig 

is  given  along  with 

techniques  for  data  correction  and 

presentation  of  typical  data. 

LIST 

OF  SYMBOLS 

A 

Area 

bal 

Uncorrected  balance  output 

Cd 

Drag  coefficient 

C  1 

Balance  cavity 

Cp 

Pressure  coefficient 

C2 

Seal  cavity 

D 

Afterbody  axial  force 

C  3 

Port  annulus  cavity 

dB 

Decibels 

C  4 

Starboard  annulus  cavity 

f 

Frequency 

C  5 

Bearing  block  cavity 

HSWT 

High  Speed  Wind  Tunnel 

C6 

Afterbody  rear  cavity 

JPR 

Jet  Pressure  Ratio 

3p> 

Upstrecun  jetpipe  external  area 

M 

Mach  number 

jp2 

Downstream  jetpipe  external  area 

P 

Pressure 

noz 

Nozzle  exit  external  area 

P* 

Tunnel  static  pressure 

S  1-S6 

Outer  seal  frame  areas 

q 

Tunnel  dynamic  pressure 

seal 

Inner  seal  frame  area 

s 

Cd  reference  area 

sh) 

Shroud  forward  internal  area 

T 

Thrust 

sh2 

Shroud  exit  internal  area 

(T-D) 

Thrust-Drag 

tp 

"Trouser-piece"  maximum  area 

Subscripts: 

bbi 

Bearing  block  frontal  area 

bb2 

Bearing  block  void  area 

1.  INTRODUCTION 

It  is  well  appreciated  that  the  afterbody  drag  of  a  twin  jet  combat  aircraft  can 
amount  to  over  30%  of  the  total  aircraft  zero  lift  drag.  There  is,  therefore,  considerable 
scope  for  drag  minimisation  if  a  suitable  wind  tunnel  rig  is  available  during  early 
project  design.  Prior  to  1969  little  direct  measurement  of  afterbody  drag  had  been 
possible  in  the  U.K.  Available  afterbody  test  rigs  were  of  the  "Thrust  -  Drag"  type 
requiring  very  accurate  calculation  or  calibration  of  nozzle  thrust  and  then  not  always 
giving  acceptable  accuracy  of  the  small  drag  difference.  Rigs  of  this  type  are  still 
widely  used  (see  Refs.  l*-5).  The  alternative  method  of  calculating  afterbody  drag  from 
pressure  measurements  is  only  adequate  and  convenient  for  simple  single  nozzle 
configurations  with  a  minimum  of  separated  flow. 

The  need  arose  at  the  start  of  development  of  HRCA  (later  Tornado)  for  better 
measurement  of  afterbody  forces.  In  1969,  therfore,  design  and  build  of  an  advanced 
drag  data  rig  was  undertakenat  Warton.  The  rig  was  to  have  the  following  capabilities: 

(i)  Measurement  of  afterbody  axial  force,  independently  of  thrust,  side  force  and 
normal  force  loadings,  with  maximum  accuracy  and  repeatability. 

(ii)  Simulation  of  a  jet  efflux  with  controllable  and  repeatable  pressure  ratio. 

(iii)  Measurement  of  jet  thrust,  independently  of  afterbody  axial  force,  side  force 
and  normal  force  loadings. 

(iv)  Minimum  support  structure  interference  on  the  metric  portion  of  the  rig. 

(v)  Measurement  of  internal  static  pressures  for  thrust  and  drag  correction  purposes. 

(vi)  Measurement  of  external  static  pressures  for  diagnostic  purposes. 

(vii)  Measurement  of  jet  air  supply  mass  flow  and  jetpipe  static  pressures  for  the 
accurate  calculation  of  jet  pressure  ratio. 
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(viil)  Base  of  afterbody  and  detail  oonf iquration  changes. 

(tx)  Ability  to  be  operated  in  the  supersonic  working  section  of  the  Harton  1.2si  High 

Speed  Wind  Tunnel  over  a  Mach  nunber  range  of  1.4  to  2.5. 

The  requireswnt  resulted  in  the  design  and  aanufacture  of  a  twin  sting,  nodel-cart 
■ounted  afterbody  drag  rig  which  was  first  used  for  testing  in  1971.  The  rig  was 
subsequently  nodlfled  in  1977  to  reduce  Interference  on  planned  research  afterbodies  and 
is  now  operated  over  a  Mach  nuad>er  range  of  0.4  to  2.0  giving  highly  accurate  and 
repeatable  afterbody  axial  force  data. 

During  design  Integration  of  engines  and  airfrane.  there  is  often  a  possible  trade¬ 
off  between  installed  thrust  and  afterbody  drag.  For  a  fighter  configuration  with  an 
interceptor  role,  thrust-nlnus-drag  is  extreawly  iaportant.  The  cost  effectiveness  of 
increasing  thrust  by  using  anre  sophisticated  noasles,  coopared  with  designing  for  adnlmun 
afterbody  drag,  la  difficult  to  evaluate  unless  aodel  aeasureaents  can  be  obtained  at  an 
early  stage. 

At  transonic  and  supersonic  speeds,  BsasureBents  from  rear  sting  auunted  overall 
forces  and  coagionent  loads  andels  have  aany  liad.tatloDS  when  used  in  drag  synthesis. 
Afterbodies  aay  be  necessarily  distorted  to  accoaandate  the  sting,  flow-through  intake 
duct  outlets  and  aaetric/non-aMtric  clearance.  This  applies  particularly  to  the  Warton 
1.2si  BSWT  which,  being  a  high  Reynolds  nuaber  tunnel,  requires  stronger,  and  hence  larger, 
stings  in  order  to  withstand  the  increased  loads.  Afterbody  distortion  is  also  an 
unfortunate  consequence  of  the  increasingly  coaipact  afterbody  designs  for  todays  fighter 
aircraft. 

Corrections  for  sting  interference  and  the  absence  or  incoaplete  slnulation  of 
jet  interaction  with  external  flow  are  not  very  aswnable  to  theoretical  treataent. 

However,  direct  afterbody  force  aeasureaents  can  now  be  nade  on  a  rig  able  to  snunt 
slaulated  single  sting  aounted  afterbodies  and  realistic  afterbodies  with  representative 
jet  flow.  This  offers  the  possibility  of  applying  Increaental  drag  corrections  to  six- 
coaponent  aodel  aeasureaents. 

2.  RIG  DESCRIPTION 

2 , 1  CURREWI  CONFIGURATION 

The  Warton  afterbody  drag  rig  in  its  present  configuration  (figures  1  and  2)  is 
able  to  aount  accurate  twin  jet  coabat  aircraft  afterbody  representations  at  a  scale. of 
around  1/20.  The  rig  can  be  broken  down  into  four  aajor  coaponents  which  are  described 
below. 


The  rig  support  structure  has  been  developed  to  ellainate  reflected  support  shock 
wave  interference  on  the  metric  afterbody  section  at  transonic  and  supersonic  speeds  and 
to  give  a  alniaua  and  constant  pressure  field  interference  at  subsonic  speeds.  This 
enables  accurate  increaental  drag  aeasureaents  to  be  aade  without  recourse  to  pressure 
field  corrections.  High  pressure  air,  power  supplies,  signal  wiring  and  pneuaatlc  tubing 
are  fed  to  the  wing  tips  via  hollow  side  struts  spanned  by  a  cross-yoke  arrangeaent.  This 
asseably  is  bolted  to  the  tunnel  structure  (figure  3).  The  support  structure  is  designed 
to  give  alniaua  blockage  area  whilst  retaining  sufficient  strength  for  operation  up  to 
Hach  2.0. 

The  wings  and  forebody  are  the  non-aetrlc  part  of  the  aodel.  The  forebody  is 
configured  to  be  representative  of  a  twin  engined  fighter  type  with  faired  intakes.  The 
nose  cone,  canopy  and  spine  can  be  easily  changed  to  represent  different  designs.  The 
wings,  which  support  the  forebody  and  attach  at  the  wingtips  to  the  side  strut  supports, 
are  of  a  NACA  syaaetrlcal  section  with  a  constant  leading  edge  sweep  of  57.3*  and  a 
constant  t/c  ratio  of  7%.  The  wings  are  ducted  to  carry  the  high  pressure  air  supply  into 
the  aaln  fuselage  section  and  also  carry  electrical  wiring  and  pressure  tubing  into  the 
■aodel.  The  whole  wing/centre  fuselage  (figure  4)  is  an  Integral  unit  auinufactured  in 
eight  sections  and  electron  beaa  welded  together  for  wucianaB  strength.  Bach  wing  consists 
of  a  leading  edge,  centre  section  and  trailing  edge  and  the  centre  fuselage  (Including 
wing  root)  is  made  up  of  two  syswMtric  halves.  The  aaterlal  for  this  asseadtly  is  Naraglng 
steel  with  an  ultlaate  Tensile  Strength  of  1800  N/sq.aa.  For  representation  of  delta-wing 
configurations  *stub-wlng*  fairings  are  fitted  to  the  trailing  edge  of  the  inboard  wing. 

A  corresponding  wing  root  section  is  included  on  the  wetric  afterbody  with  a  wetrlc/non- 
aietrlc  gap  nalntalned  between  this  and  the  stub  wing. 

Figures  5  and  6  illustrate  the  design  and  asseably  of  the  thrust  systos.  The  non- 
metric  flow  entry  blocks  contain  floating  inner  high  pressure  chsailwrs  which  are  constrained 
to  move  only  in  an  axial  direction  by  bearings  on  the  attached  jetplpes.  The  chambers  are 
sealed  from  the  model  Internal  cavity  by  metal  bellows.  Air  flows  through  to  the  exit 
nozsles  via  *jetpipe*  sections  and  a  *troussr-piece*  section  which  alters  the  jet  centreline 
to  that  required.  The  air  ducts  contain  anti-swirl  devices  and  perforated  plates  which 
ensure  a  ‘flat*  total  pressure  distribution  with  minimum  boundary  layer  thickness. 

In  order  to  minimise  the  cross  sectional  area  of  air  ducts  through  the  wing  the  sir 
supply  is  maintained  at  high  pressure  until  it  enters  the  thrust  system.  However,  the 
supply  pressure  then  needs  to  be  reduced  to  a  sssnlble  level,  this  is  a  difficult  task  in 
such  a  small  volusM.  The  two  sets  of  perforated  plates  reduce  supply  total  prassoro  t>y  a 
factor  of  up  to  5  giving  maximum  typical  achievable  jet  total  pressures  for  dry  and  reheat 
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nosslM  of  1020  and  48S  kPa  rospoctivoly. 

Tbo  tlirust  assMibly  la  attaehad  at  the  forward  end  to  the  thrust  balance  via  an 
axial  flexure  arrangeaent. 

Figures  7  and  8  illustrate  the  drag  balance  systea  and  the  asseably  of  the  after* 
body.  The  afterbody  is  built  around  a  bushed  block  which  runs  on  bearings  on  the  hardened 
jetpipes.  Attached  to  the  bearing  block  at  the  forward  end  is  a  seal  frasa  which  blends 
in  profile  with  the  forebody  houses  a  double  PTFB  seal  to  prevent  external  pressure 
leaiuge  into  the  afterbody  cavity.  The  seal  provides  a  low  friction  sliding  joint  between 
the  forebody  and  afterbody.  In  a  "sero^load”  condition  the  seal  gap  is  approxinately 
0.2  nsi. 


The  rttsainder  of  the  afterbody  is  attached  to  the  rear  of  the  bearing  block  and 
usually  consists  of  upper  and  lower  nain  afterbody  sections,  fin,  final  boat*tail  section 
and  nossle  shrouds.  Various  attachsMnts  aay  be  available  for  a  particular  configuration 
such  as  upper  and  lower  gully  fillers,  parachute  and  sensor  housings,  internossle  fairings, 
airbrakes  and  actuator  fairings,  sdssiles,  vortex  generators,  etc. 

The  sMtric  afterbody  is  attached  to  the  drag  balance  via  upper  and  lower  links 
running  forward  through  the  thrust  syst«s;  flexures  are  incorporated  in  the  forward  end 
of  the  drag  links. 

External  pressures  on  the  afterbody,  boat*tail  and  shrouds  and  internal  cavity 
pressures  are  fed  forward  to  the  Scanivalve  via  PVC  tubing  in  the  afterbody  and  nickel 
tubing  across  the  centre  fuselage  section. 

2.2  RIG  OBVBhOFMENTS  TO  PRESEITT  DATE 

Initially  the  rig  was  of  short  span  and  was  intended  for  operation  in  the  Mach 
nuisber  range  1.4  to  2.S  only.  Subsequently  it  was  operated  subsonically  (up  to  M  0.95) 
with  acceptable  wlng/forebody/support  interference.  Operation  was  restricted  to  the  above 
Mach  number  ranges  due  to  unacceptable  reflected  shock  interference  in  the  transonic  and 
low  supersonic  regions. 

Pressure  to  provide  accurate  data  in  the  transonic  range  led  to  a  major  re-design 
of  the  rig.  The  modifications  required  to  elindnate  shock  interference  had  the  added 
benefit  of  significantly  reducing  the  subsonic  support  interference.  The  main  features 
of  the  re-design  were; 

(i)  Doubling  the  rig  span  to  eliminate  side  support  shock  wave  interference  on  the 
longest  envisaged  afterbody.  This  also  had  the  effect  of  producing  a  constant 
and  greatly  reduced  wing/forebody/support  pressure  field  in  the  afterbody  region. 

(li)  Provision  of  shorter  side  support  fairings  suitable  for  use  at  all  Mach  numbers 
including  operation  in  the  ARA  2.7x2. 4m  transonic  tunnel.  These  fairings  were 
designed  to  avoid  support  shock  wave  impingement  on  the  afterbody  and  retain 
constant  subsonic  support  interference. 

(ill)  Reduction  of  the  possibility  of  JPR  dependent  subsonic  interference  because  of 
the  increase  in  afterbody/cross-yoke  longitudinal  separation  as  a  result  of 
doubling  rig  span. 

The  pressure  field  interference  of  the  modified  rig  was  predicted  using  a  subsonic 
panel  program.  The  program  had  been  validated  for  the  original  support  configuration  by 
excellent  agreement  with  data  taken  from  a  pressure  plotted  parallel  afterbody. 

The  program  predicted  subsonic  interference  for  the  new  rig  to  be  zero  at  M  »  0.6 
and  0.0003  SCd  St  M  *  0.9  (Cd  based  on  maximum  fuselage  cross  sectional  area).  Such 
interference  is  seen  as  negligible  in  the  prime  use  of  the  rig  for  afterbody  development 
and  for  measurement  of  increments  only  in  overall  aircraft  drag  synthesis. 

As  a  result  of  increasing  the  rig  span,  supersonic  starting  loads  in  the  HSMT 
were  increased.  It  was  therefore  necessary  to  restrict  operation  to  M  »  2.0. 

The  original  rig  was  model  cart  mounted  in  the  HSWT,  but  following  the  modifications 
it  is  now  bolted  to  the  tunnel  structure  for  additional  strength. 

2 . 3  RIG  INSTRaMEIITATIO)l 

Afterbody  axial  force,  thrust  and  thrust-drag  are  measured  by  means  of  a  modular 
3-component  strain  gauge  balance  assembly  mounted  in  the  centre-fuselage  section  of  the 
rig  (figure  9).  The  assembly  is  attached  to  the  non-metric  part  of  the  rig  at  the  thrust- 
minus-drag  module.  Overloading  of  the  balances  is  avoided  by  closure  of  the  clearances 
between  the  modules  at  maximum  load.  The  modular  construction  of  the  assembly  facilitates 
the  changing  of  a  balance  range,  if  necessary.  Figure  10  shows  typical  thrust  and  thrust- 
minus-drag  balance  data. 

Internal  and  external  steady  pressures  are  measured  by  means  of  an  'S'  type 
Scanivalve  mounted  in  the  forebody  of  the  model  (figure  11).  Pressures  are  sampled  at  a 
rate  of  25  ports  per  second  giving  an  average  seven  datapoints  per  25  second  run  in  the 
JiSWr.  Figures  12,  13  and  14  show  typical  pressure  data  gathered  by  the  Scanivalve. 


Requests  for  unsteady  or  dynaeic  pressure  eeasureMUt  are  becoeing  increasingly 
cosBon.  This  data  is  used  to  analyse  aerodynanic  effects  such  as  fin  buffet  or  nossle 
shroud  pressure  loading  due  to  ttrin  jet  interaction  (screech).  For  this  purpose# 
miniature  transducers  are  mounted  in  the  model  at  the  location  in  question,  figure  IS 
shows  typical  unsteady  pressure  data  after  Rower  Spectral  Density  Analysis. 

In  order  to  provide  accurately  calculated  values  of  Jet  Pressure  Ratio#  the  total 
mass  flow  rate  of  the  model  air  supply  system  is  measured  external  to  the  tunnel  using 
an  orifice  plate  system.  Jetpipe  static  pressures  are  measured  using  transducers  mounted 
in  the  afterbody. 

2.4  TUNIIBl#  FACILITIES 

The  1.2m  BSNT  at  Warton  is  an  intermittent  blowdown  facility  operating  from 
4000  )cPa  storage  pressure  and  discharging  to  atmosphere.  Supersonic  and  transonic 
working  sections  lie  in  tandem.  The  closed  wall  supersonic  section  covers  a  Mach  number 
range  1.4  to  4,0  set  by  top  and  bottom  flexible  plate  walls.  The  perforated  wall  transonic 
section  has  a  Mach  number  range  of  0.4  to  1.2#  «#orking  section  and  plenum  pressures  are 
controlled  by  varying  second  throat  and  diffuser  settings.  Models  or  rigs  can  be  mounted 
on  either  of  two  model  carts  plus  a  half^model  cart.  Access  to  the  tunnel  is  through  one 
opening  side  wall  in  the  transonic  section.  A  supply  line  has  been  provided  for  cold  air 
jet  blowing  models#  this  is  fed  from  storage  vessels  separate  to  the  main  tunnel  air 
supply  but  also  at  4000  kPa  maximum  storage  pressure. 

The  afterbody  drag  rig  has  also  been  successfuly  used  in  the  2.7  x  2.4m  transonic 
tunnel  at  ARA#  Bedford.  This  is  a  continuous  running#  closed  circuit  facility  providing 
Mach  numbers  up  to  M  *  1.35.  The  support  sting  mounted  from  a  full  span  blade  wirll^ 
accept  the  afterbody  drag  rig  on  a  standard  4  inch  taper  joint.  There  is  an  adequate  \ 
air  supply  and  pressure  control  system  to  provide  cold  air  jet  simulation.  ^ 

2.5  RIG  OPERATION  ^ 

The  normal  test  variable  for  a  run  is  jet  pressure  ratio.  This  is  varied  by  rapid 
response  valve  via  control  hardware.  The  air  supply  controller  is  pre-set  with  up  to 
eight  total  pressure  demands  calibrated  to  achieve  the  required  JPR's.  The  controller  is 
stepped  via  a  discrete  output  fr(»  the  model  control  software.  Bach  JPR  datapoint  has  a 
duration  of  roughly  3.5  seconds#  including  settling  time#  to  allow  a  full  Scanivalve 
scan.  Data  is  recorded  when  steady  conditions  are  reached. 

Because  of  increasing  demand  for  more  comprehensive  coverage  of  afterbody  external 
pressures#  current  practice  is  to  do  separate  "drag*  and  *pressure*  runs  for  each 
configuration.  This  is  solely  because  an  excess  of  pneumatic  tubing  inside  the  afterbody 
and  bridging  the  metric/non-metric  break  may  cause  hysteresis  and  inaccurate  drag  balance 
output  due  to  friction  between  the  tubing  and  metric  components  of  the  rig.  A  minimum 
numiber  of  pressures  are  measured  for  drag  runs.  These  must  include  six  internal  cavity 
pressures  and  up  to  six  metric/non-metric  seal  gap  pressures  for  corrections  to  the 
balance  output  (figure  14).  Up  to  eight  internossle  base  and  shroud  l>ase  pressures  may 
be  measured  for  diagnostic  purposes  (figure  17).  For  pressure  runs  up  to  IB  shroud  and 
21  afterbody  surface  pressures  may  be  measured.  Unsteady  pressure  transducers  are  also 
only  installed  for  pressure  runs. 

Oil  flow  visualisation  runs  may  also  be  requested.  For  these  a  single  jet  pressure 
ratio  is  oiaintained  for  a  run  of  about  10  seconds  duration  (figure  18).  Schlieren  flow 
visualisation  is  a  standard  output  for  all  supersonic  runs  (figure  19). 

2.6  FUTURE  DEVELOPMENTS 

There  are  a  number  of  future  projects  outlined  for  the  rig.  Some  of  these  require 
further  development  of  the  rig  which  will  increase  its  versatility  and  the  quality  and 
voluBB  of  data  output  per  run. 

The  BSNT  is  developing  ZOC  electronic  pressure  scanning  equipment  operation  to 
replace  the  use  of  electro-sBchanical  SCanivalves  (figure  20).  The  use  of  this  equipment 
will  mean  faster  data  acquisition  and  hence  more  JPR  datapoints  per  run.  Pressure  data 
will  also  be  more  accurate  and  it  may  be  possible  to  re-combine  drag  and  pressure  runs 
due  to  a  large  reduction  in  tubing/wiring  crossing  the  metric/non-metric  break. 

The  use  of  ambient  temperature  air  for  jet  simulation  obviously  does  not  ideally 
reproduce  the  effect  of  a  hot  jet  exhaust.  A  proposal  for  hot  jet  simulation  is  being 
examined  and  a  scheme  for  the  installation  of  liquid  hydrogen  burners  in  the  rig  has 
been  produced. 

Testing  of  re-usable  space  vehicle  afterbody  configuraticns  is  proposed  which  will 
lead  to  the  develo(«ent  of  a  multi-nossle  rig. 

The  feasibility  of  lisdted  incidence  variation  for  transonic  testing  is  being 
investigated.  This  would  be  most  desirable  for  a  multi-nottle  space  vehicle  configuration 
with  large  base  area  and  subsequent  high  drag  sensitivity  to  angle  of  attack  variation. 


-3.  CALIBKATIOMS  AMD  CORRBCTIOMS 

3.1  BALANCE  CALIBBATIONS 

It  !■  crucial  to  tha  production  of  highly  accurate  and  repeatable  force  data 
frca  the  rig  that  callbratlona  of  the  strain  gauge  balances  can  be  perforated  «ith  the 
■odal  fully  rigged.  Therefore,  siaple  techniques  have  been  developed  which  allow  the 
applicatioa  of  calibration  loads  to  the  netric  thrust  and  afterbody  axial  force  systesw 
with  tha  nodal  fully  aaaanblad  and  installed  in  the  tunnel. 

Drag  calibrations  are  repeated  during  a  test  phase  after  any  nodel  configuration 
change  likely  to  have  disturbed  the  internal  layout  of  pressure  tubing,  wiring,  etc. 

Data  frcsi  a  drag  calibration  is  checked  for  unacceptable  hysteresis  or  large  deviations 
fron  tha  nean  calibration  slopes.  If  necessary,  nodel  rigging  is  rechecked  and  the 
calibration  repeated. 

3.2  IHTEIUIAL  PRESSURE  CORRECTION  BOOK-KEEPING 

Variation  in  internal  cavity  pressures  during  a  run  inevitably  causes  a  variation 
of  tha  balance  outputs.  Variation  of  seal  gap  pressure  (external  to  the  seal)  has  a 
slnilar  affect.  These  errors  are  accounted  for  by  nonitoring  internal  cavity  and  seal 
gap  pressures.  Force  corrections  are  calculated  due  to  these  pressures  acting  on 
relevant  areas.  Thrust  and  drag  corrections  are  derived)  both  corrections  are  applied 
to  the  thruat-nlnua-drag  balance  output.  Figure  21  showe  typical  drag  correction  data. 

Corrections  are  calculated  and  applied  as  follows: 

( 1 )  DRAG 

Corrected  Drag: 

D  -  ObaltiO 

Total  drag  correction: 

AD  •  ADl  tA02tA03 

Seal  pressure  correction: 

ADI  •  -t(2.Asn.<Psn-P»))  where  n  “  1  to  6 

Internal  cavity  pressure  correction: 

AD2  -  AD21  tA022  tA023 

i02l  ■  -(Aseal-Abbi ) .  (Pc2-P>) 

AD22  •  (Abb2-Abbl).(Pc5-P«) 

AD23  =  - ( Abb 2-ASh I ) . ^  PCS tPc 6  -P»j 

Nozzle/shroud  annulus  pressure  correction: 

AD3  -  -(Ash  1-Ash2)  .  ^  Pc3tPc»  -P^ 

(ii)  THRUST 
Corrected  Thrust: 

T  -  Tbal+AT 
Total  thrust  correction: 

AT  -  AT1+AT2+AT3+AT4 
ATI  -  Ajpi  .  (PCI-P») 

AT2  ■  (Atp-AJpi ) .  (PC5-P-) 


(T-D) 


(T-D)baltAT-AD 
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Not*!  All  pr«ssur«s  «re  refereficed  to  tun&el  ubiont  static.  The  assmptioa  is  made 

that  in  an  ideal  situation  would  act  on  every  suriface  of  the  model. 

4.  DATA  QUALITY 

The  Narton  afterbody  drag  rig  has  consistently  achieved  "jet  on”  axial  force 
repeatability  tolerances  of  ♦O.OOOS  Cd  abort  term  and  *0.0010  Cd  long  term  (figures  22 
and  23 )»  where  Cd  is  based  on  marl  mi, m  fuselage  cross-sectional  area.  These  figures 
represent  a  inifflnnim  error  in  measured  force  of  *1.0%  at  N  *  1.6.  ”Jet  off”  results 
generally  show  a  larger  random  scatter  believed^to  be  due  to  larger  amplitude  base 
pressure  fluc^tuatioas  which  occur  when  the  stabilising  influence  of  the  jet  ia  removed. 

Possible  sources  of  error  and  their  quantitative  effects  on  incremental  axial 
force  measurement  are  as  followss 

(a)  Hysteresis 

Calibration  of  the  balance  and  bearings  alone  shows  negligible  hysteresis. 

However*  when  a  model  is  fully  rigged*  the  edition  of  the  seal  and  pressure  plotting 
tubes  bridging  the  metric  split  produces  an  average  error  due  to  hysteresis  equivalent 
to  *0.0006  Cd.  Operation  in  a  blowdown  tunnel  with  its  iiqiulsive  starting  loads  is 
likely  to  reduce  the  effect  of  hysteresis  cosqiared  to  that  measured  frcxa  a  static 
calibration*  this  is  reflected  in  the  short  term  (*in  phase”)  repeatability  margin  of 
*0.0005  Cd.  Much  of  the  long  term  repeatability  smrgin  of  *0.0010  Cd  can  probably  be 
accounted  for  by  variation  in  the  rigging  of  pressure  tubes'between  test  phases. 

(b)  Temperature  Effects 

Cooling  due  to  air  expansion  through  the  perforated  plates  could  cause  balance 
drift  due  to  heat  conduction  from  the  balance  through  the  thrust  lin)c.  This  effect  is 
negligible  in  a  blowdown  tunnel  due  to  the  short  run  duration. 

( c )  Leakage 

For  a  rig  with  a  metric/non-metric  split  there  exists  the  possibility  of  leakage 
through  the  internal  cavity  driven  by  the  pressure  differential  between  the  split  station 
and  the  noxzle/shroud  base  annulus.  Adequate  monitoring  of  internal  cavity  pressures 
allows  corrections  for  internal  pressure  variation  to  be  applied  to  the  balance  data. 

The  ability  to  maintain  very  small  nozzle/shroud  annular  clearances,  due  to  axial  bearing 
support,  is  very  important.  It  ensures  that  the  cavity  acts  as  a  reservoir  of  stable 
pressure*  despite  fluctuating  base  pressures*  and  measurement  of  annulus  pressure  gives 
an  extremely  sensitive  indication  of  any  internal  leakage.  The  split  seal  on  the  rig  is 
very  effective  and  errors  due  to  seal  leakage  are  negligible. 

(d)  Pressure  Measurements 

The  limit  of  accuracy  of  pressure  measurement  is  set  by  the  sampling  error  possible 
when  the  output  signal  from  the  Scanivalve  transducer*  filtered  down  to  40  Hz,  is 
digitised.  Every  effort  is  made  to  eliminate  pneumatic  errors  by  minimising  tube  lengths 
and  thoroughly  leak  checking  and  response  checking  during  model  rigging.  The  use  of 
reference  pressures  on  the  Scanivalve  gives  an  effective  zero  reading  for  each  datapoint 
and  an  additional  reference  line  allows  calibration  of  the  Scanivalve  in-situ. 

The  internal  cavity  pressures  have  been  measured  within  a  tolerance  of  *0.001  Cp 
corresponding  to  a  possible  internal  correction  error  of  *0.0005  Cd.  The  annulus  pressures 
have  been  measured  within  a  tolerance  of  *0.002  Cp*  correction  error  *0.0003  Cd.  Base  and 
external  surface  pressure  coefficients  have  a  sampling  error  range  of  *0.003  Cp*  showing 
the  benefit  of  small  clearances  in  stabilising  the  cavity  pressure.  The  remaining  pressure 
correction  is  that  external  to  the  seal  at  the  split  station.  The  sampling  error  scatter 
for  those  pressures  is  *0.002  Cp*  equivalent  to  a  possible  correction  error  of  *0.0004  Cd. 

Summarising  measurement  accuracies  which  contribute  to  repeatability  we  have: 

HYSTERESIS  *  CAVITY  Cp  *  ANNULUS  Cp  *  SEAL  GAP  Cp  >  TOTAL  ERROR 

The  overall  accuracy  due  to  the  above  factors  is  given  by: 


+  /£(0.0008'  +  0.0005'  +  0.0003  t  0.0004')  =  +0.0011  Cd 

This  conpares  very  well  with  the  observed  long  tern  repeatability. 

5.  DRAG  SnnBSSIS  FOR  THE  AIRCRAFT 

The  derivation  of  a  drag  dataset  for  assessing  aircraft  perfomance  is  conmonly 
based  on  wind  tunnel  node!  data.  Supersonic  sero-llft  drag  In  particular  requires 
neasurenents  from  a  representative  model  since  even  modern  day  computational  methods 
cannot  give  absolute  drag  levels  with  certainty. 

Basic  airframe  sero-llft  drag  is  generally  measured  using  a  sting  mounted  model 
without  jet  simulation.  To  accnneindate  the  sting  and  also  intalce  flow  out  of  the  base  of 
the  model  some  distortion  of  the  afterbody  of  the  model  is  necessary.  In  consequence  the 
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•ffect  of  the  distortion  needs  to  be  determined.  A  representation  of  the  distorted 
afterbody  is  tested  on  the  afterbody  rig  to  provide  an  increment  to  a  chosen  jet  pressure 
ratio  reference  condition  for  a  representative  afterbody  model  with  jets  (figure  24). 

A  schematic  of  the  book-keeping  adopted  is  shown  in  figure  2S.  it  can  be  seen 
that  afterbody  model  measurements  are  used  to  provide: 

(i)  An  increment  to  reference  conditions  for  the  drag  account. 

(ii)  The  effect  of  jet  conditions  for  incorporation  in  the  engine  account j  engine  thrust 
being  debited  for  engine  throttle-dependent  intake  drag  and  afterbody  force.. 

In  addition  a  Tine  Marching  Buler  method  of  computation  is  used  in  drag  synthesis  to 
account  for  minor  con£i9urati.on  changes  between  the  aircraft  definition  and  the  model 
tested,  nie  method  uses  panelled  afterbody  simulationsr  taking  account  of  separated 
regions,  (figure  26)  and  provides  a  correction  for  the  l>oat-tail  drag  difference.  Base 
drag  differences  are  corrected  by  applying  wind  tunnel  model  base  pressure  data  to 
defined  areas  (figure  27). 

6.  COHCLaSIONS 

(i)  An  advanced  afterbody  drag  rig  has  )»een  developed  which  is  able  to  provide  very 
accurate  incremental  drag  measurements  from  fully  representative  after)x>die8  with 
jet  simulation. 

(ii)  The  rig  has  an  excellent  long  term  repeatability  record,  repeat  data  is  consistently 
within  a  tolerance  of  ^0.001  Cd  (based  on  maximum  fuselage  cross-sectional  area). 

(iii)  Data  from  the  rig  is  used  both  in  afterbody  development  during  early  project 
design  and  for  full  aircraft  drag  synthesis  as  corrections  applied  to  measurements 
from  sting  mounted  forces  and  moments  models. 

(iv)  The  versatility  of  the  rig  has  been  demonstrated,  comprehensive  coverage  of 
afterbody  surface  and  base  pressure  measurement  is  possible  including  unsteady 
pressures  for  buffet  and  shroud  loading  investigations. 

(v)  Future  developments  of  the  rig  will  increase  its  versatility  and  further  improve 
data  quality  and  throughput. 

(vi)  The  rig  is  an  extremely  useful  aid  to  modern  com):>at  aircraft  design  and  has  already 
more  than  proved  its  worth  in  terms  of  greatly  reducing  the  eunount  of  flight 
testing  necessary  to  perfect  an  afterbody  configuration. 
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FIGURE  25  WIND  TUNNEL  MODEL  DRAG 
ANALYSIS  AND  ASICRAFT 
PERFORMANCE  SYNTHESIS 
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DIVlLOmMT  OP  nSTIHO  nCSNIQUU  IN  A  LASQB  TRANSONIC  WIND  TUNNEL  TO  ACHIIVI 
A  RiqUUID  DRAG  ACCURACY  AND  PLOW  STANDARDS  POR  HODSRN  CIVIL  TRANSPORTS 

by 

B.C. Carter  and  K.C.Palllstar 
Alrerafi  RaaMtok  Aanooiatlon  Ltd. 

MantoD  Lanai  Bedford  UK 


SmilART 

Thia  paper  ueee  experieooe  and  reeulte  obtained  over  recent  yeara  in  Che  ARA  9'  x  S' 
tranaonlo  wind  tunnel  to  addreaa  the  queationa  of  neaaurenent  and  flow  quality,  data  aoeuraoy 
and  aohleved  perfomance.  The  diacuaaiona  relate  priaarlly  to  experience  with  civil 
tranaporta  for  nhioh  accurate  drag  prediction  and  efficient  drag  reduction  through  reliable 
experinental  techniquea  la  of  najor  inportanoe.  The  quality  of  reaulta  la  atudled  via  the 
definition  of  the  problM  arena,  the  correction  nethoda  and  analyaia  of  dynaaioa  of  the  flow 
and  the  aaaooiated  neaaurenenta.  Techni«iea  apecifio  to  a  large  developaent  tranaonic  tunnel 
are  diaouaaed  in  detail  uith  a  conatant  anareneaa  of  the  coat  and  efficiency  in  relation  to 
the  required  accuracy  and  repeatability  etandarda. 


1  JDfnQPDCTlOW 

Tha  raquiraaanta  of  the  civil  aircraft  tranaport 
iwhiatry  proaeat  none  of  tho  neat  atringent 
doManda  on  accuracy  and  reliability  of  wind 
tunnel  data.  Airoraft  developaenta  in  the  peat  7 
yeara  have  concentrated  on  refinenenta  to 
■axiaiae  the  perfoniaaoe  of  deaigna  within  what 
auperfioially  appeara  to  be  a  very  aiailar  faaily 
of  ahapea.  The  large  atep  juapa  in  configure 
ati<Nia  aeen  in  early  airliner  developaenta  have 
tended  to  atablliae  into  conventional  wing  body 
arrangeaenta  with  wing  aounted  nacellea,  with  the 
concentration  on  optialaation  of  the  total 
configuration  to  give  an  aerodynaaically  refined 
product.  Whilat  thia  aituation  ia  currently 
being  changed  by  the  introduction  of  the  open 
rotor  concept  the  work  deacribed  in  thia  paper 
haa  been  baaed  on  the  need  for  reliable 
experiaenta  to  recogniae  and  confira  the 
exiatence  of  very  aaall  increaenta  of 
perforaaaoe. 

The  aajor  advancea  in  configuration  perforaance 
have  aainly  been  derived  free  wing  aerodynaaica. 
laproveaeata  in  deaign  targets  and  deaign  nethoda 
have  together  ahown  iaproveaenta  in  wing/body 
aerodyneaic  efficiencies  of  the  order  of  17W  over 
the  peat  10  yeara.  The  inevitable  but  necessary 
excreaoenoea  that  grow  on  the  optiaioed  wing  body 
configuration  aunt  be  accounted  into  the 
production  aircraft  perforaance.  These,  to  a 
large  extent,  are  difficult  to  account  in  present 
theoretioal  aethods,  and  so,  the  wind  tunnel, 
whilat  baiag  challanged  by  CFD  for  tbe  definition 
of  opilauB  shopoa  at  apooifio  deaign  points, 
ranaiaa  a  vital  adjunot  to  tho  aaaoaaaont  of 
visooua,  vortical  and  separated  flows  on  real 
wiaga  with  pyloaa,  angina  flows,  flap  track 
fairings  and  wing  tip  fenooa. 

Tha  purpota  of  thia  papar  la  to  daaoribe  how  tha 
larg#  ARA  tranaonlo  wind  tunnel  haa  baon  adapted 
trough  oparatlag  and  testing  techniquea  to  neat 
tha  atringent  aeoureoy  requireuente  of  civil 
treneporte. 


Consideration  will  be  given  to  tbe  need  for  uodel 
shape  accuracy  to  noet  the  deaign  pressure 
diatributiona  and  the  need  for  large  nodela. 
Flow  quality  of  tbe  enpty  tunnel  atrean  nuat  be 
within  the  liaits  of  significance  of  calculation 
and  experinental  aethods.  Flow  description  In 
the  presence  of  the  aodel  interference  nuat  be 
known  and  support  interference  nuat  be  capable  of 
eveluation.  In  this  accurately-defined  flow 
environaent,  perforaance  of  neaauring  ayateas  are 
exaained  along  with  tbe  stability  of  the 
alratreaa  and  nethoda  for  accoModating  aodel 
induced  inatabiLitiea  of  the  teet  flow. 


Techniquea  of  tunnel  operation  to  ainiaiae  flow 
instabllitiea  and  speed  fluctuations  are 
diecueaed  and  the  effects  of  taking  data  during 
tbe  continuous  traverae  node. 

In  addition  to  tunnel  flow  quality,  the 
etabiliaing  of  the  body  and  wing  viscous  flow  it 
diecueaed  and  the  use  of  transition  fixing  and 
detection  nethoda  and  techniquea. 

Aa  a  aeana  to  inoraaaing  nodal  seals  and  Reynolds 
niaber  tbe  uae  of  tbe  half  aodel  technique  is 
diaouaeed  ae  a  teohnlqua  for  providing 
increnental  data  particularly  in  ralation  to 
engine  flow  repreeentatioDa  and  powerad  aodela. 
The  relatlonahip  between  half  nodal  and  ooaplete 
nodal  teat  corditions  will  be  discussed  and  the 
effect  of  large  half  aodela  on  flow 
Inatability. 

The  these  of  tbe  paper  ia  the  continuous 
attention  to  detail  that  ia  naoeaaary  to  a^leve 
tbe  high  quelity  deaanded  of  aodem  wind  tuanele 
even  for  relative  accuracy  aeaauraaants . 
Absolute  accuracy,  which  can  only  ba  validatad  la 
relation  to  flight  teat  accuracy  ia  only  briefly 
aantioned. 


Fif.i  llluatntM  tjrploal  dr4f  polar*  ahieli  can 
ba  Goaaidarad  to  ba  tba  ultiaata  ^jaotiva  of  a 
wind  tunnel  draf  neaaurenent  eanpaifa.  Such 
teat*  are  conducted  uaing  full  apae  coaled  civil 
tranaport  type  nodela  in  tbe  ABA  2.T4n  x  2.44n 
tranaonic  wind  tunnel.  A  tjrpioal  nodel  n>TOn 
wing  apan)  aupported  on  a  S3.34nn  dianeter  aingle 
ating  la  illuatrated  in  Pig*2.  A  relativelj 
large  nunber  of  intemediate  nodel  eonfigurationa 
between  the  clean  wing  and  the  fullr  oonplete 
nodel  lapouta  depleted  in  Fig.l  are  uaually 
inveatigated  to  auantifr  the  drag  aaaociated  with 
the  inatallation  of  naoj  aircraft  itena  auch  aa 
nacellaa  and  pjlona»  flap  track  fairinga*  tip 
devioeai  variable  oanber  etc.  Fig. 3  abowa  typical 
inorenental  drag  characteriatioa  aaaociated  with 
a  nunber  of  theae  itMa.  Conaiderable  uae  la 
alao  nade  of  a  twin  ating  netbod  of  nodel 
aupport,  ahown  la  Fig.  4.  to  exanine  the  drag 
characteriatioa  of  different  rear  fuaelage  and 
enpennage  deaigna.  The  twin  ating  aupport  ayaten 
la  alao  uaed  to  quantify  aingle  ating 
interference  effeota.  Thua  Fig*  1  and  3 

innediately  indicate  that  drag  neaaurenent 
teating  can  be  oonaidered  to  have  two  related 
aiaa: 

(i)  the  eatabllahnent  of  the  abaolute  nodel  drag* 
and 

(ii) tbe  eatabllahnent  of  increnental  drag 

characteriatica. 

At  condltlona  of  practical  intereat  (M  •  0.82. 

C|^  9  0.4S,  aay)  the  nagnitude  of  the  coaponenta 
which  conatitute  the  total  aeaaured  nodel  drag 
nay  be  typically 


(•) 

fuselage  skin  friction  Cq 

0.0072 

(til 

(uulM.  for*  dr*,  Cg 

0.0005 

(c) 

Wing  skin  friction  Cp 

0.0059 

(d) 

wing  fora  drag  Cp 

O.OOl? 

(e) 

wing  vortex  drag  Cp 

0.0075 

(fl 

wing  wave  drag  Cp 

0.0035 

Total  clean  wing  drag  (without 
enpennage ) 

:  0.0263 

(g)  each  additional  individual  nodel  iten 
ACp  s  0  to  10.00060  <aay) 
eg.  flap  track  fairingat  tip  device*  etc. 


The  neaaurenent  of  nodel  drag  by  pn  internal 
etrain  gauge  balance  givea  the  total  drag  and 
hence  the  individual  "theoretical*  conponenta 
Hated  in  (a)-(f)  above  cannot  be  iaolated 
directly  by  balance  neaaurenenta  alone.  Theae 
data»  however,  give  a  good  indication  of  the 
nagnitude  of  the  drag  conatituenta  and  it  la 
clearly  the  way  in  idiich  theae  each  ^ry  with 
lift  coefficient  and  Mach  nunber  which  ultinately 
leada  to  the  neaaured  ahape  of  the  polar. 

The  inorenental  drag  of  each  individual  nodel 
iten,  (g)  above,  including  nutual  interference 
drag,  la  obtained  fron  two  nodel  configurations 
using  the  ainple  expression; 

ACd  (iten)=CQ  of  nodel  with  iten 

•Cp  of  nodel  without  iten 

(M,Ci,scon*tant  aay) 


FlgLTn  1*  T^icol  Modal  Qhog  Pblom# 


Figim  2m  T^iool  Full  apoi  civil  tmcori 
nodal  aqyorUd  on  a  ningln  alirg. 


calculated  aa  the  difference  between  two  large 
neaaurenenta,  it  la  probably  the  only  way  of 
obtaining  the  required  drag  inorenenta  which  are 
uaually  doainated  by  nutual  interference  ef facta. 
The  najor  reasons  for  increnental  drag 
aeaaurenent  testing  are  not  only  to  neaaure  the 
installed  characteriatica,  of  aay  a  given  wing 
tip  device,  but  alao  to  ascertain  which  of  a 
nunber  of  variations  and  nodifioations  to  the 
geonetry  of,  for  exanple  the  tip  device,  give  the 
optinun  installed  drag  ohamoUristics. 

Thus  it  is  tbe  prediction  of  the  total  aircraft 
drag  at  full  scale  conditions  which  lends  to  tbe 
absolute  nodel  drag  aoouraoy  neasurenent 
requirenent  specified  in  Beferenoe  1  of  O.OOOS  In 
Cp  and  tbe  increnen.al  requirMsnt  which  leada  to 
tbs  0.0001  accuracy  in  ACp.  It  should  also  be 
noted  that  for  diagnostic  reasons  the  aerodynanic 
designer  denands  these  levels  of  accumoy  not 
just  close  to  the  design  flight  conditions  but 
also  over  s  sisable  M,C|^  envelope.  Interpreted 
fron  the  wind  tunnel  engineers  viewpoint,  the 


Mete: 

The  pnrnneter  Caq  s  Cp-C|,*/ii  x  Aapeot  Batlo  is 
frequently  used  Yr  ABA  when  presenting  dreg  data 
and  should  not  be  confused  with  the  drag  at  G^sO. 


although  this  is  fundnnentally  aa  inaccurate 
nethod,  in  that  relatively  snail  drag  changes  are 
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Figirs  4«  T^loal  full  ipan  civil  irorafcri 
Niodil  Kfporicd  on  Ih*  iwln  ctlrg  ri9a 


absolute  drag  ■essureaent  requireaent  assns  that 
at  the  vary  least  i  each  tiae  the  saae  aodel  is 
tested  in  the  wind  tunnel  the  drag  ooefficlent 
aeasureaents  aust  repeat  to  eitbln  0.0005.  In 
order  to  achieve  the  Increaental  drag  target 
acouraoji  exercises  usually  have  to  be  conducted 
within  a  given  test  series,  (l.e.  the  aodel  has 
to  reaain  in  the  wind  tunnel  for  all  the  tests) 
whilst  the  required  increaents  are  being 
obtained . 

When  Beferenoe  I  was  written,  one  practical 
situation  which  leads  to  an  alMoiute  accuracy 
aeasursaent  requlreaeot  of  closer  to  0.0001  in 
Cg,  was  not  OMsldered.  In  praotioe  it  is 
aoaetiaes  neesasary  to  ooapare  aodel 
characteristics  obtained  from  different  test 
ssries  which  aay  have  been  underteken  aany  aontbs 
epert.  Such  a  case  aay  arise  if  the 
charaoterietice  of  a  new  wing  deaitn  are  to  be 
coapared  with  those  of  an  earlier  ^aign  already 
tested.  If  all  the  aodel  coaponeot#  are  still 
available  tbea«  at  the  expeaae  of  repast  testing, 
"back  to  back”  teats  aay  be  performed  (but 
possibly  still  Involving  two  entries  into  the 
wind  tunnel).  If  the  new  wing  ie  pbyeieelly  the 
old  aodel  wing  Irreversibly  aodified  then  ”bnck 
to  back”  testa  cannot  'b%  psrforaad  nod  nn 
inter-tast  series  ooaparlaon  has  to  be  relied 
upon. 


Based  on  the  nbove  disoueeion  ABB  aia  to  aeaeure 
aodel  drag  to  hotter  thaa  i0.OOOO6  la  Cg  to 
aohlova  the  inoreaaatal  drag  raqalreBoat  of 
0.0001  and  to  repeat  iater*taet  aeries  drag 
oharactarlatloa  oa  aa  Ideationl  aodel 
ooafiguratioa  to  within  ip.OOOi  in  Cg.  Thin  has 
bans  found  to  bo  a  very  deaaading  objeetive. 

Although  each  traaaoaie  wind  tunnel  facility 
involved  in  aonaurlng  the  drag  of  civil  transport 
aircraft  nodnla  have  coaaon  aoouraoy  goals,  the 
way  in  which  those  targets  are  aohievad  dopanda 
anoraoualy  on  the  partloulnr  chametorieties  of 
each  facility.  The  teebaiquen  unad  by  ABA  have 
evolved  over  the  last  thirty  years  but  It  la 
probably  only  In  the  last  daoada  that  drag 
aeouraoioa  oloaa  to  thoaa  now  deansded  havq  been 
regularly  aohievad.  It  has  been  principally  the 
deaand  for  good  quality  drag  data  on  aodels  of 
Bueb  aircraft  as  the  BAa  125,  BAa  146,  ASOOB, 
A310,  AS20  and  currently  the  A3)0/  AS40  Buropaan 
AirbM  that  has  atiaulatad  the  relentless  search 
at  ABA  for  laprovad  accuracy. 

3 _ »OiB)a8_OP_BttOB 

2,1  Trqntlt^pg  flgiM 

All  wind  tunnel  establiahaenta  have  their  own 
viewe  oa  the  noat  appropriate  boundary  layer  fix 
techniques  applicable  to  their  tunnel.  The  ideal 
approach  reqeW*  a  coabination  of  preliainary 
taste  covering  detailed  pressure  plotting,  with  a 
range  of  roughneee  band  transition  fixes  and 
aaaociatad  aubliaation  and  oil  flow  testa,  and 
theoretical  calculations  of  pressure 
distributions  and  boundary  layer  for  both  nodel 
and  full  aoale  oonaitlona.  This  work  over  a 
range  of  M,  and  full  aoale  and  teat  Reynolds 
nunbers  would  currently  inpose  an  unnoc^table 
tine  delay  and  cost  on  nost  schadulea.  In  lieu 
of  theoretical  calculations  over  the  range  of 
possible  nodel  transition  positions  it  is  sore 
oonwon  to  optlnise  experinentally  to  achieve 
nodel  surfnoe  flows  thst  sinulste  the  cslculated 
full  scsle  flow  conditions  e.g.  specific  boundary 
layer  paraneters,  Ref  2,  at  the  foot  of  the 
shock  or  at  the  trailing  edge.  A  forward  fix  is 
desirable  for  drag  definition  for  part  of  the 
range  aa  long  as  it  is  conpatlble  with  the 
leading  edge  euction  peaks  and  nuperoritioal  flow 
development  on  both  surfaces.  At  M/C^  outside 
this  range  an  aft  transition  fix  any  bs  possible 
to  produce  the  same  shock  position  and  saparntion 
pattern  as  prediotad  for  full  seals.  Care  nuet 
be  taken  to  keep  the  aft  transition  band 
sufficiently  far  forward  of  the  ahook  (aay  ISX) 
to  ensure  no  influence  on  the  shock  strength  and 
position  and  on  the  rate  of  Ita  forward  novement 
at  higher  C|^.  The  analysla  of  these  flows,  in 
the  absence  of  detailed  pressure  plotting  can  be 
done  with  the  help  of  oil  flows  for  shock  and 
separation  detection  and  aoenaphthane  aublination 
techniques  for  boundnry  layer  etate. 

For  the  ARA  tunnel  which  In  bnnioally  limited  to 
near  atmospheric  stagnation  preaaure,  Reynolds 
number  aweepa  cannot  be  used  and  no  the 
requirement  of  viscous  flow  simulation  by 
oontrollad  trnnsition  position  is  normal 
practice,  with  particular  oonoentration  om  the 
correct  repreaentatiom  of  viaoeua  intaraotioo  at 
the  foot  of  the  ehook  to  give  the  correct 
development  of  eepamtione  oither  nt  the  foot  or 
at  the  trailing  a^e. 

Preliminary  work  roqulros  an  Initinl  tmaaition 
fro#  oil  flow  tost  to  determine  the  most 
optimlstio  aft  shook  positions  at  the  oritloal 
design  point  sg  orulaa  M/G^  or  buffet  Tba 

state  of  the  bomdary  layer  Is  also  tetermlmod 
from  aubliaation  testa.  An  aft  band  peaitloa  La 
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A»fiMd  M  b*iBi  la  a  laaiaar  bovadary  iayar  at  a 
poaitlaa  IM  femaad  of  U«  abaok  at  iu 
foyaardanat  daslfa  ooadltloa.  Tba  aiaiaaa  baad 
haigbt  to  aabUva  a  turbalaat  fix  la  dataraiaad 
to  alaiaiao  tbo  obaapa  of  ooorftx  to  aa 
warapraaaatatiTo  tarbaloat  booadary  layo'  to 
aialaloo  tba  baad  fora  drac.  ABA  toolaiioaa  la  to 
uao  glaaa  baad  Ballotiai  of  uaifora  oiao  altb  a 
aaxtaaa  baad  aUtb  of  laa«  vatr  ofaraoly  ^liod 
ao  that  tadivldaal  turbuloaco  aodgoa  eaa  be 
dotootod  b^iad  tbo  baad.  Traaaltloa  io  dotoetod 
by  aubliaatloa  of  aeoaapbtboao  oryatale  oa  tbe 
aia«  aurfaea  abieb  aro  aot  aypllod  aboad  of  tbe 
baad.  Bxporloaoo  ladioatoe  that  eubliaato  aboad 
of  aad  la  tbo  rouibaoao  will  roduoo  tbe 
offootivoaoaa  of  tbo  buid  loadiog  to  a  toadoaoy 
to  uao  a  too-largo  baad  uith  ovorfix  for  aoraal 
teat  eoaditloaa  abere  aubllaate  ia  aot  proeeat. 
Tbo  Initial  traaaltion*froe  oil  flow  aad 
aubllaate  teata  will  iadioate  tbe  areas  of 
laalnar  flow  that  eaa  exist  ahead  of  a  band  aad 
also  the  possibility  of  early  traasitlon 
occurring  due  to  the  presence  of  a  weak  root 
shook  across  tbe  wing  upper  surface. 

This  approach  requires  painstaking  effort  both  in 
the  testing  stages  and  the  analysis.  It  is 
however  auch  easier  on  the  civil  coofiguratlon 
with  United  design  points  aad  operating  eavelope 
than  the  transoaio  high  perforaance  fighter  with 
its  wide  range  of  wing  flow  cooditioas.  shock 
interactions  and  separated  flows,  flie  regions  of 
validity  of  results  for  aft  band  tests  aust  be 
carefully  considered  i  as  steps  and  juaps  in  drag 
results  any  well  i^ioate  interactions  between 
the  shock  aoveaeat  and  tbe  band.  Equal  care  aust 
also  be  taken  oa  the  lower  surface  of  aodern 
heavily  rear  loaded  wing  sections  at  lower 

niere  is  strong  need  for  a  nethodology  spelling 
out  guide  lines  and  warnings  related  to  this 


vary  iaportaat  aubjaot  and  tbs  report  of  tbe  «Q09 
on  find  Tunnel  Boundary  Layer  Sinulation  aad 
Controli  Bsf.t*  is  expected  to  fill  this  need. 

I.I  0o«rBnt1nM  fn*  i«t>>/Tanos 
affnnta 

Boutins  oorraotioos  are  applied  to  neasured  data 
based  on  seai-eapirieal  correlaticms  of  a  range 
of  experinsntal  aad  theoretloal  data.  Barly 
correlations  of  tunnel  results  covered  tbe  full 
range  of  subsonic  transonic  and  supersonic 
operation.  tely  ooaaents  related  to  subo<mie 
operation  are  aade  here.  For  these  purposes  a 
typical  transport  aircraft  configuration  has  been 
us^  as  a  calibration  nodal.  This  Is  illustrated 
in  Fig. 6. 

This  layout  in  the  tunnel  indicates  the  high 
degree  of  flow  unifomly  in  the  region  of  the 
nodel  which  is  an  area  of  very  non^unifom 
porosity.  It  was  anticipated  that  theoretical 
nethods  of  wall  constraint  correction  applied  to 
walls  of  unifom  porosity  would  not  be  applicable 
in  this  case  and  enpLrical  factors  related  to  the 
basic  theory  night  be  obtained. 

The  basis  of  tbe  detemlnation  of  the  enplrlosl 
relationship  has  besn  a  oonparativs  aarisa  of 
taata  in  a  aolid  wall  varaion  of  tha  tunnsl  and 
In  the  poroua  wall.  Standard  cloaod  wall 
oorrwotlona  Bsf.4  hava  been  appliad  for  Mach 
nu^tara  up  to  M  s  O.BS  at  which  aposd  tbe  solid 
wall  bloekngs  oorrsctions  were  oonaidered  to  be 
oonlng  close  to  the  Units  of  ths  theory  at  a  AM 
oorrsetion  of  0.025.  For  tha  poroua  tunnsl  of 
unifom  por08ity»  thsoretioal  calculations 
indicated  that  ths  blooksgs  should  be  of  ths 
order  of  -0.25  of  tha  solid  wall  blockage 
correction  (or  0.5  of  an  open  wall  correction). 


fffi  8x9  Ttmal  porPerated  uxill  pciroeiiy  disiribiLionf 
Plow  disiributicn  and  calibration  modBl 


To  okook  tkiot  tko  trollioi  o4io  prooout^s, 
bolflf  roproMtttativo  MMuroMBts  la  tW  rogloa 
of  tk#  ooBtro  of  tiw  aodol  okoro  tko  blo^Mo 
eorrootloas  aro  aasaaod  to  apply»  aro  oovaro4 
for  tko  porouo  aad  cloood  wall  ooadltiMM.  Tkio 
la  a  partloolarlr  aoaaitlvo  aotkod  of  okooklag 
local  Ma^  auabor  bocaaao  tko  trailiag  od<o  Cp  u 
aoar  to  nro  aad  roaooaably  iadopoadoat  of  aad 
Maek  Biakor»  aoar  aialaua  drag.  Coaaoguoatljr  any 
dovlaiioa  of  tko  trailiBg  odgo  prooauro 
oooffioioat  froa  tbo  *truo*  cloood  tuaaol  ralue 
ariaoa  froa  tko  uao  of  aa  iaoorroct  atatio 
prooauro  p^  lAlok  ia  tore  ariaoa  froa  tko  uao  of 
aa  laoorroet  Mack  auabor  at  tbo  aodol.  At  M  s 
0.8  a  Cpyp  orror  givoa  a  AM  error  of  O.Socp. 


FiguTQsG  Use  of  irailing  edge  pressure 

io  indicxite  bjmel  blockage 

Fig.  6  abotfo  tbo  oorroapoodoaco  of  too  trailiag 
edgo  proaaure  atationa  between  the  porous  and 
oloaod  wall  roaulta.  Tboao  ladioate  oloao 
agrooaoBt  up  to  the  point  where  the  oloaed  wall 
roaulta  boooao  dubious  and  where  the  wing 
trailiag  edge  prooauro  boooaes  oeositivo  anyway. 
For  Mach  nuabera  up  to  0.86  the  porous  tunnel 


Figtre.7  Ohog  oorreclian  dLs  to  oaneiraini 
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blockage  oorrootioa  to  M  ia  soon  to  bo  loaa 
0.008.  Tbua  ao  M  oorrootioa  ia  uaod  for  civil 
traaaport  work  19  to  M  a  0.88. 

Coaparativo  roaulta  of  lift  have  iadioatod  a  aood 
for  a  aiaplo  a  oorrootioa  of  tko  eonvoBtioaal 
form  whiok  io  a  liaoar  fuaetioa  of  up  to  O.T 
aad  iadopoadoat  of  M.  Tbo  value  of  tko  oapirioal 
factor  froa  the  oxporiaoatal  data  oorroapoada 
vary  eloaoly  with  tka  oxpaotad  O.S  of  a  full  opaa 
tuanel  value. 

Tuaaol  iatorforoaoo  oa  dragi  albeit  at  tbo 
correct  otrooa  Maob  auabor  ia  autoaatipally 
corraetod  for  tbo  wall  ooaatraiat  offoot  by  d 
oorrootioa  but  oaa  also  bo  iafluoaood  by  oapty 
tuaaol  buoyaaoy  aad  axial  variatioa  of  blookago. 
Typical  ealibratioa  aodol  roaulta  ara  abowa  ia 
Fig.  7  whiek  illuatrato  the  aajor  oorrootioa 
offoot  of  Aa  wall  but  abowa  tba  proaoaoa  of  a 
aaaii  further  oorrectioa  nooded  to  briag  roaulta 
id  lino  with  oorroctod  closed  tunnel  dote  at  the 
higher  voluoo  of  M.  The  oioplo  blookogo  theory 
for  both  open  aad  oloaod  tuaaala  prodiots  aoro 
blockage  axial  foroe  oorrootioa  ever  a  oloaod 
body,  the  theory  for  Infiaito  porous  walls  does 
indicate  exiateaeo  of  a  buoyaaoy  gradient.  Those 
typloal  reoulta  aro  iadioatod  ia  Fig. 8. 


Figure.B  Blcxslcoga  boofrey  ocrredian 


CoBpariooB  of  prooouroo  oa  the  fore  aad  aft  body 
of  the  calibration  aodol  indioato  la  tbo  AXA 
tunnel,  with  its  rapidly  obaagiag  porosity,  that 
a  blookago  buoyaaoy  oorrootioa  of  the  order  of 
0.5  the  tbaorotloal  oatiaato  for  a  88X  wilfora 
porosity  would  bo  a^lioablo.  A  oorrootioa  of 
tbio  aagaitudo  ia  usually  applied  to  aoaaurod 
balance  axial  foroo  the  aagaitudo  being  a  strong 
function  of  II  aad  only  of  aaall  sigBifioaaoa  for 
M  <  0.8.  Typical  oorrootioas  aro  about  5  drag 
oouata  at  H  s  0.85  aad  aro  aaaumad  iavariaat  with 
Ct .  8uob  a  oorrootioa  ia  of  eourao  oonalotoat 
through  any  comparativo  toots  aad  baa  no  offoot 
OB  coaparativo  iaoromaats. 

BllK  IlfrttU 

Correction  proooduroo  for  half  aodola  follow 
tboao  of  tbo  oomploto  model  oa  tbo  bmsio  of 
aodifiod  footoro  from  tbo  otoadord  tboory. 
Corrootioaa  aro  applied  for  teats  aa  appropriate 
to  a  raflootiea  plats  half  nodal  ia  a  tuaaal  of 
aodifiod  aopoot  ratio.  Also  iaoerporatod  ia  tbio 
Aa  eerroetlea  (f.E8C|,)  ia  tbo  offset  of  lift  on 
tbo  bolf  fusolago  opooor,  tbo  tuaaol  flow 
bouadary  layer  aad  tbo  probable  deviation  of  tbo 
flew  from  a  true  rofloetioa  plaao.  The  typioal 
oorrootioa  ia  of  tbo  order  of  aa  iaoroaso  ia  lift 
eurvo  slops  of  about  lift.  In  praotieo  of  eourao, 
for  tko  purpose  of  this  popor,  tko  kolf  aodol 
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rMiilts  ftM  iM«d  alaoit  wtir^ly  for  eoapArotive 
oad  iMroMfttol  daU  ud  tko  aadaitudo  of  Uo 
eorrootioo  od^uotod  to  tte  eo^lota  aodol 
datua  hif  obargoo  to  and  aCi,  to  aaiataia 

sr 

■lailar  polar  abapoa. 


It  la  by  aaxiaialng  tbt  perforaaaoe  of  aoao  of 
thoao  Itaaa  aad  ainialaing  tbe  errors  in  others 
that  bigb  quality  wind  tunnel  drag  aeaaureaenta 
are  obtained. 


The  naad  for  absolute  aad  incrsasntal  drag 
aoeumoy  basloally  iaposes  the  snae  deaanda  and 
both  obdaotlves  generally  benefit  froa  any 
iaprovaaoata  la  teelmique.  Drag  is  obtained  froa 
internal  strain  gauge  balaaoe  neasureaents  using 
the  siaple  expression 

Cj)  3  Cg  sin  0(  4  Ca  cos  « 

sad  the  quality  of  the  Cg,  aad  «  parMoters 
depends  upon; 

(a)  the  perforaanee  of  balanoes»  pressure 
transducers I  "inoldeace  aeters”  and  the  data 
aoquisitlM  kit, 

(b)  aodei  geoaetric  fidelity  and  the  sensible  use 
of  boundary  layer  aaaipulation  by  the  use  of 
roughness  iMnds, 

(c)  tine  averaged  Mach  nuaber  and  Beynolds  nuaber 
deviation 


ABA  uses  6  coaponeat  ST.lSaa  disaster  balaaoes 
supported  on  53.34bb  diaeeter  flared  single 
stings  for  virtually  all  full  span  aodei  drag 
tests.  These  balances  are  calibrated  in  a 
dedicated  calibration  rooa  using  dead  weight 
loads.  The  full  balance  aatrix  consists  of  6 
direct  sensitivities,  30  first  order  aad  126 
second  order  interaction  terns  (although  sons 
terns  are  aero).  Such  Lalances,  used  for  civil 
drag  work,  are  checked  at  least  once  a  year  by 
applying  axial  forces,  nomsl  forces  and  pitching 
nonents.  For  this  design  of  balance  typical 
axial  and  nomsl  force  sensitivities  are  0.22 
and  1.20  Newtons  per  nicrovolt  respectively. 
Froa  tbe  aspect  of  accurate  drag  aeasurenent 
tbe  nost  inportant  terns  result  fron  tbe 
Interaction  of  applied  nomsl  force  and  pitching 
nonent  on  the  axial  force  bridge  output.  Fig. 9 
shows  the  axial  force  residuals  obtained  fron  a 
check  loading  on  a  balance  which  is  currently 
used  for  A330/A340  nodel  testing.  The  nagnitude 
of  these  errors  was  considered  to  be 
satisfactory.  The  residuals  fron  a  recent  check 
loading  on  another  ST.lSnn  diaaeter  balance 
showed  slight  axial  force  hysteresis,  see 
Fig. 10,  for  this  and  other  reasons  this  balance 


(dl  the  effect  of  the  low  frequency  flow 
unsteadiness, 

(e)  the  consequences  of  flow  tenperature 
variations, 

(f)  the  accuracy  of  flow  direction  and  aodei 
attitude  aeasurenent, 

(g)  the  quality  of  support  interference,  base 
pressure  and  any  internal  flow  corrections, 
and 

(h)  the  skills  of  the  people  Involved  together 
with  the  techniques  employed. 
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Flg^  to*  Raaultn  from  a  ohaok  bolcnon  loading 
showing  unaocnplobln  okIqI  Fcrcn  mnldialn* 

is  in  the  process  of  being  regauged.  All  ARA 
balances  have  the  bridges  themally  aatched. 


9*  Rasulia  fron  o  chsoh  bolencn  loading 

showing  cBoapioblo  owlol  roroo  raalduola* 


which  in  practical  terns  totally  elininates  any 
effects  of  a  unifom  tenperature  change  on  the 
balance  sensitivity.  However,  bridge  taros  are 
sensitive  to  any  sigaifiennt  themal  gradients 
across  the  balanoe  and  theae  effects  havs  to  be 
oininieed  by  adopting  appropriate  test  techniques 
ns  described  Ister  in  seotlon  S.5. 

The  dets  acquisition  kit  has  16  bit  recording, 
that  is  432,768  oounte  full  scale.  Bnoh  kit 
count  is"*  H  nlorovolt,  hence  a  raoording 
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MMlutioR  9t  aierovolt  giv««  AxiAl  *ad  Dorml 
fOM«  rMOltitiOM  of  40.  U  Mid  40.40  HoirtOBS 
roopo0ti¥oiy.  for  •  tjrplool  qS  of  4000  Nooiooo 
t4io  gtvoo  oad  (L  rooolutloo  of  ijO.ooOOIS  oad 
^.OOOOt  roopoetivoly.  Book  of  tko  oa^lifior 
■odttloo  iaeorpoMtoo  o  filtor  oliiek  f^  drag  work 
ku  m  DC  out  offi  o  3DD  out  off  froquoaoj  of  0.5 
Is  OBd  ottfUBtlOB  «t  kigk  froqooootoo  of  IlOB 
por  ootovo.  It  follom  tkot  oil  kigk  froqiioftoy 
Boioo  io  filtorod  out  boforo  tko  rooording  otogo. 
All  tko  oapllfioro  kovo  aotohod  reopoMo 
okoroetoristloo  gad  tko  44  okomiolo  <to  bo 
iaerooood  to  144  ^  tko  oad  of  1447)  m  tko  doto 
loggor  oro  ourroatly  soaplod  by  o  oiaglo  ADC  io  o 
total  tiao  of  0.004  soeoado.  (Duriog  tko  curront 
updoto  progroMo  tko  dot*  loggor  oystoo  will  bo 
ekongod  to  kovo  1  ADC  por  42  okoooolo). 

Tkroo  oo^loo  of  oook  ooplifior  output  oro 
digltiiod  but  only  tko  oodioa  voluo  io  rooordod 
00  disc.  Book  bridgo  io  ooorgiood  by  o  procioo 
oontrollod  8  volt  DC  oupply  ood  on  ooouroto 
frootioo  of  this  io  fod  oato  oook  ooplifior  ot 
tko  otort  oad  oad  of  ovory  nm.  Tbio  roforonco 
voltogo  io  uood  to  provldo  o  oorroctioo  for 
ovory  roodiag  to  allow  for  any  ekaagoo  in  the 
supply  voitago  or  ooplifior  gain. 

Working  oootion  total  koad  and  static  (plonuo) 
prooouroo  oro  oooourod  by  Buoka  typo  DDB4000 
proosuro  gaugoo  (0-2.Sbor)  wkiok  kavo  a  opecifiod 
aeourooy  of  ;^.04ob.  The  reading  of  tkooo  gauges 
is  ootekod  (in  the  data  roduetlon  process)  to  the 
output  froa  a  Druck  DPIt40  precision  baroaeter  at 
tko  start  of  ovory  run.  This  baroaeter  has  a 
specified  accuracy  of  ip.lSab.  ThtM  tbo  possible 
aaxiaua  errors  in  q  and  Hack  nunbor  derived  froa 
those  gauges  are  typically  40.020X  and  4^*00010 
respectively. 

Base  pressure  corrections »  associated  with  the 
presence  of  the  single  sting*  are  measured  using 
4345  aillibar  Oruck  typo  PDCR22  differential 
pressure  transducers.  These  have  a  specified 
accuracy  of  0.04X  full  scale  which  when  converted 
to  a  drag  coefficient  with  a  typical  value  of 
base  aroa  to  wing  reference '^area  of  0.015  gives  a 
possible  error  in  Cg  of  O.OOOOl. 

The  priaary  source  of  aodel  attitude  neasureaent 
is  the  Sunstrand  ^300  acceleroaeter*  usually 
referred  to  at  ARA  ae  an  "incidence  meter”.  When 
a  precision  load  resistance  of  10&  ohms  is  used 
these  Instruaents  have  a  resolution  of  0.0011* 
per  N  aiorovolt  and  a  sero  stability  of  40.0005* 
over  a  30*C  teaperature  range.  With  soae  extra 
filtering  those  instruments  operate  reasonably 
satisfactory  even  when  light  aodel  actions  are 
enoountsrod  near  buffet  onset  conditions  (where 
the  need  for  fine  drag  accuracy  is  no  longer  s 
aajor  oonsideration) . 

4  Modal  Qogastrio  PidelitT 

Thoro  is  closrly  no  point  io  going  to  extreae 
lengths  to  accurstoly  aoasure  the  drag  of  e  aodel 
if  the  sealed  geometric  shape  of  the  aodel  is 
inoorrect.  Qeoaetric  errors  usually  arise  froa 
two  Bourooa; 

(I)  aanufsoturlng  inaccuracies, 

(II)  poor  aodel  preparation. 

Fig. 11,  shows  an  sxaaple  of  aanufacturing  errors 
duo  to  distortion  of  the  high  grade  steel  which 
oeeurrod  duriog  the  nuaerlcsily  controlled 
aachinlng  process  in  the  asnufscture  of  this 
particular  eivil  aodel  wing.  The  wing  had,  at 
this  atago,  beta  folly  completed  except  for  final 
pellshiag.  Fig. 11(a)  shows  the  manufacturing 
orrora  aft  of  the  ieoding  edge  region  for  an 
inboard  wing  sUtion  of  242  wm  chord  length.  It 


fka^Adile) 


Flgx*  Ufa)*  Wing  non/acUrlng  errore  elcoo  io  tip* 
UraapLdklel 

can  be  seen  that  tbe  nanufacture  is  not  perfect 
but  the  geometry  is  everywhere  within  40.04na  and 
there  are  no  erroneoua  rapid  ohangea  In  surface 
curvature.  This  eeciion  wae  accepted  aa  being 
aatiafactory.  An  outboard  aection,  however, 
abown  in  figure  11(b)  baa  both  a  twist  error  (of 
approximately  -0.]6‘)  and  has  s  *ho<A"  at  tbe 
trailing  adge  of  about  O.lOaa.  Tbe  twist  error 
would  C'iaarly  affect  tbe  spanwise  loading  and 
hence  the  vortex  drag.  Fig. 12  ahowa  that 
geometric  errors  near  tbe  trailing  edge  can 
increase  or  decrease  tbe  drag  depending  on  the  Ci 
value.  (Such  drag  changes  are,  however,  very 
sensitive  to  the  configuration  design).  For  the 
example  shown,  where  about  half  the  wing  had  a 
local  mean  error  before  recti ficatloon  of  about 
O.lOaa  at  tbe  trailing  edge,  the  error  in  aodel 
drag  would  have  been  about  ACgS'O.OOOl  at  C[,s0.6. 
However,  at  Ci^sO.4  the  error  would  have  only  been 
approxlaately  ACpsO. 00002.  By  the  use  of 

electro  depositing  techniques  the  distorted  wing 
was  locally  built  up  on  tbe  lower  surface  and 
further  band  worked  on  both  surfaces  until  the 
errors  were  as  shown  in  Pig. 13.  These  errors 
were  now  considered  scceptsble.  It  follows  that 
the  need  to  nanufacture  aodela  to  achieve  a 
faithful  scaled  representation  can  be  both  tine 
conauaing  and  expensive. 


Ft9#«  t3  Vlng  ■m/aeUrlrg  vroni  cIqm  io 
ilp  PoUcBMlng  MM  rMi^ic(A.ton* 
(JjbL  ocoipUfaUI 


ttMuUrds  of  sodol  proporailon 
coa  often  be  e  difficult  teak.  Both  skill, 
dedioetiOB  sad  patience  are  needed.  it  is  also 
important  to  know  nhat  is  and  nkat  is  not 
seoeptable.  It  can,  for  exaaple,  be  calculated 
that  the  dra<  of  350  wink  static  pressure  holes 
O.SOaa  diameter  is  negliciblp  small  (OCn  > 
0.000003)  whilst  the  drag  of  a  500  mm  length  of 
forward  facing  step  (eg  a  poor  Joint  round  a 
fuselage)  of  0.12SaB  height  is  unaooeptablp  large 
(OCq  «  O.OCXXM).  Pigs. 14  and  15  show  two  exaaples 
of  how  model  imperfections  can  Influence  drag 
aeoursop.  During  a  short  Msch  nuaber  traverse 
(figure  14)  a  piece  filler  material  Uaa  diaaeter 
and  approxlnatelr  3  na  thick  which  filled  a  datum 
hole  on  the  wing  lower  surface  lifted  during  the 
run  up  to  M  a  0.78  and  remained  protruding  until 
one  data  point  was  taken  at  K  a  0.62,  it  then 
left  the  model  to  leave  a  circular  recess  for  the 
remainder  of  the  test  run,  which  included 
increase  in  the  Mach  muber  to  0.84  and  then  a 
reduction  back  in  stages  to  M  s  0.78.  Comparing 
these  results  with  those  from  a  further  repeat 
test  which  was  conducted  when  the  model  bad  been 
repaired  shows  that  the  protruding  filler  induced 
a  drag  error  of  about  ACq  s  O.OOOIS  whilst  the 
recess  caused  a  somewhat  smaller  error  of  aCd  s 
0.00005. 


The  second  example  illustrated  in  Pig. 15  shows 
the  effect  of  a  plastic  wing  root  fairing  looated 
in  the  Junction  between  tlw  fuselage  and  wing 
upper  surface  crsokimg  Md  lifting  slightly 
during  the  test.  The  fairing  did  not  bre^  but 
in  lifting  it  allowed  a  leak  path  between  the 
inside  of  the  fuselage  and  the  inboard  wing  upper 
surface  pressure  field*  (The  reason  for  the 
erroneous  drag  in  this  example  wag  ^rtioularly 
difficult  to  diagnose  because  when  visually 
inspected  at  the  end  of  the  run  the  fairing  had 
reseated  in  its  correct  position.  It  was  only  by 
inspection  of  both  base  pressure  measured  inside 
the  model  and  the  inner  wing  upper  surface 
pressure  distributions  that  the  leak  was  detected 
and  its  location  identified).  This  specific 
example  shows  that  all  non  representative  leak 
paths  must  be  sealed.  In  this  case  errors  of 
«  0.0004  were  introduced. 


Mach  number  is  usually  iMld  constant  in  the  ASA 
transonic  wind  tunnel  to  approximately  AH  s 
^.(X>1  about  a  mean  during  the  execution  of  a 
polar  by  servo  control  of  the  fan  inlet  guide 
vane  trailing  edge  flaps  from  a  p/H  signal. 
Accurate  drag  data  are  however  of  interest  at 
conditions  above  the  start  of  the  compressibility 
drag  rise  where  dC|^dMeO  and  hence  a  deviation  of 
AN  •  ip.OOl  can  introduce  some  scatter  into  the 
drag  data,  nils  is  allowed  for  at  ASA  by  post 
test  data  processing  where  dCQ/dM  is  calculated 
for  every  data  point  by  curve  fitting  the  test 
data  set.  Pig. 16(a)  shows  the  typical  deviations 
in  Mach  number  experienced  during  a  polar  and 
Pig.  16(b)  illustrates  that  the  corresponding 
calculated  errors  in  are  of  order  0.0(X)2.  A 
part  of  the  measured  polar  is  compared  with  the 
corrected  data  in  Pig. 16(c).  The  corrected  polar 
results  are  now  in  a  form  where  they  can  easily 
be  Interpolated  to  give  Cn  values  at  specified 
values  of  and  used  in  ue  derivation  of  drag 
increments . 
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Th«  AftA  traasonie  wind  tunnel  in  ueunlljr  operated 
at  close  to  ataospherlo  stagnation  pressure 
(although  it  does  have  the  United  oapabilitf  of 
being  opeMted  fron  spproxinstelj  0.$  to  1.2 
atnospheres)  and  hence  there  is  a  Arnolds  nuaber 
variation  with  Hach  nuaber.  The  facility  also 
has  very  United  aeans  of  controlling  the  air 
teaperature  nhlch  also  affects  the  Reynolds 
nuaber  variation.  It  is  currently  eonaon 
practice  to  reaove  the  variations  in  measured 
drag  due  to  systeaatic  or  randoa  variations  in 
Reynolds  nuaber  during  the  data  reduction  process 
by  using  the  calculated  drag  variation  with 


ruibara  H  «  1  bar* 


leynolds  nuaber  in  the  fora  dC^/d  log  1^,  Thus 
every  dreg  data  point  is  oerreoted  to  a  eonatant 
KaTaolds  nUBbar  of  Mr  .  t.l  x  10*.  ri«.lT 
shows  a  typical  variation  of  test  Reynolds  nt^er 
with  test  Mach  nuaber  and  the  effect  of 
oorreoting  the  drag  to  a  constant  Reynolds  nuaber 
is  illustrated  in  Pig. 18.  The  aooumoy  of  this 
procedure  depends  on  the  closeness  of  the 
estinated  and  actual  model  drag  variation  with 
Reynolds  nunber  and  also  on  the  diffemoe 
between  the  test  and  reference  Reynolds  number. 
Pig. 18  shows  the  measured  drag  variation  with 
Reynolds  nuaber  (obtained  by  testing  fron  H  «  0,8 
to  1.2  bars)  of  an  A3SO  Airbus  layout.  The  slope 
of  this  veriation  is  closely  approniaated  by 
dCp/d  log  Ro  s  -0.00S8,  ooBpared  with  a 
theoretical  estinate  of  dCp/d  log  Rq  s  -0.008S. 
For  the  exanple  considered  this  can  lead  to 
s  -0.00001  incremental  drag  errors  and  an 
absolute  drag  error  of  -0.00008  in  Cn  is  possible 
nt  M  s  0.60.  It  should  be  noted,  tkAt  this 
method  deliberately  only  gives  a  first  order 
allowance  for  Reynolds  nunber  effects.  In 
particular  no  attempt  is  made  to  adjust  the  drag 
data  for  the  detailed  effects  that  changes  in 
Reynolds  nunber  can  have  on  the  supercritical 
flow  development. 


4,4  Tbe  9tt9Ci  of  low  fremiMCT  flow 
inutMdtj... 


Altliouch  the  mrkiiK  iMtlon  floir  1.  Mouratelr 
Mlnt.inmi  .t  th.  tlM  >v.rM.d  t..t  Huh  niaW, 
tk.  ABA  tnuonlc  ilnd  tunnel  mrklnf  .Mtlon 
flo*  oncillnt*!  nt  Ion  fr.qu.noie*  with 
nlknifiCBBt  content  nt  0.2S  Bt  end  0.5  Bi. 
Fig. 33  (ubiok  1.  dlnouniwl  Inter  in  Seotion  5.3) 
prenent.  *  tTpionl  30  leoond  record  of  the 
norking  neotion  Meek  nuaber  to  illuntrnte  thin 
phenoaen*  end  the  oorreeponding  Cn  record  ehoe* 
that  uhen  reduced  to  coefficient  fora  the  acdel 
drag  in  not  perfecMp  oonntant.  (ThH.  data  have 
been  eleotrioallj  filtered  an  dencribed  in 
.action  5.1).  To  overcoae  tki*  problaa,  48  point 
data  Maple*  are  recorded  over  a  period  of 
betUMn  4.8  and  6  necoada  and  th*  renult* 
averaged.  The  aaplitud*  of  the  drag  oacillation* 
varie*  with  teat  condition  m  depicted  in  Fig. 80 
Boeever,  the  liaple  averaging  prooeea  produce*  Cg 
value*  nhich  generally  repMt  to  uithin 
10.00001. 


IMO 


Tha  effect  of  flow  teaoeraturc  v»riation» 

The  effect  of  teeperature  varifttione  through  the 
■echanlsa  of  Reynolds  number  effects  were 
discussed  in  section  4.3.  Unfortunately, 
hoMever,  changes  in  flow  tesperature  often  induce 
a  tesperature  gradient  across  the  strain  gauge 
balance  which  in  turn  introduces  what  can  be 
interpreted  as  a  spurious  sero  axial  bridge 
output.  After  a  typical  one  hour  run  (9  polars) 
it  is  possible  that  the  axial  force  balance  teros 
say  have  drifted  by  up  to  the  equivalent  of  Cn  s 
♦0.0003  based  on  a  q  :  25,000  Newtons/a^  (  due  to 
the  effects  discussed  above).  Such  a  drift  is 
clearly  unacceptable.  To  overcoae  this  problea 
ARA  uses  the  technique  of  aatchlng  the  level  of 
the  drag  polars  to  a  datua  aeasured  during  a 
short,  separate  "Coq  run"  (or  "Mach  nuaber 
traverse").  "Cpg  runs"  are  conducted  in  the 
shortest  possible  tine  when  steady  conditions  are 
judged  to  prevail  in  the  wind  tunnel  (ie  when 
both  spatial  and  teaporal  teaperature  gradients 
are  insignificantly  saall).  For  these  runs  the 
aodel  is  set  at  a  aoderate  incidence  where  both 
dCp,,/dCL  and  dCp^/dM  are  saall  and  the  tunnel 
Mach  nuaber  is  quickly  changed  in  steps  through 
the  desired  test  range,  aultiple  readings  being 
taken  at  each  teat  Mach  nuaber.  Adoption  of  this 
technique  gives  ainiaal  instruaentation  drifts 
but  if  a  substantial  drift  did  occur  (ie  giving 
>  0.(XXX>S)  the  data  would  be  discarded  and  a 
run  repeated.  It  has  been  found  in  practice  that 
during  a  noraal  run  aost  of  the  axial  force 
drifts  tend  to  occur  in  the  early  part  of  the  run 
and  greater  consistency  of  daU  is  achieved  if 
the  post •run  instruaentation  seros  are  used  to 
establish  the  datua  level.  Theae  drag  data  are 
thua,  to  first  order,  effectively  cori^ted  for 
even  the  saallest  axial  force  balance  drifts. 
For  a  I  hour  run  of  typically  9  polars  and  a  sero 
drift  of  up  to  Cq  r  0.0003,  if  it  is 
(pessiaiatioally)  aaauaed  the  drifting  occurred 
at  a  constant  rate  then  the  drift  from  the  start 
to  the  end  of  any  one  polar  would  be  of  order  (^ 
s  0.0(XX>3,  this  is  considered  acceptable  for  the 
definition  of  the  polar  shape. 


4.1  The  Iffect  of  Morkinx  Section  riow  Direction 
nod  Model  Attitude  Measurenent 

Using  the  staple  expression  for  Cp  given  in 
section  4.1  it  can  easily  been  seen  that  for  > 
0.5  and  a  drag  accuracy  of  Cp  s  0.0001,  «  has  to 
be  known  to  an  accuracy  of  0.01*.  This 
raquireaent  is  difficult  to  achieve.  (It  should 
be  stressed  that  in  the  current  context  a  is  the 
inclination  of  the  balance  axial  force 
calibration  axis  to  the  aean  free  streaa 
direction) . 

Model  attitude  usually  consists  of  the  sua  of  two 
terns 

(i)  the  aodel  angle  relative  to  the  horieontal, 
and 

(ii)  the  angle  of  the  aean  working  section  flow 
to  the  horieontal 

Working  section  flow  angle  is  derived  by  aatching 
lift  curves  aeasured  with  the  aodel  ^th  erect 
and  inverted.  Typical  values  for  the  ARA 
transonic  wind  tunnel  aeasured  during  two  test 
caapaigns  conducted  6  aonths  apart  are  presented 
in  Fig. 21.  The  floor  of  the  working  section  is 
noainally  horiaontal  whilst  the  roof  has  a  slope 
of  noainally  0.3*  to  allow  for  the  boundary  layer 
displaceaent  surface  growth  on  all  four  working 
section  walls.  Thus  the  geoaetric  nora  for  the 
working  section  centreline  flow  against  which  the 
aeasured  values  should  be  ooapared  is  O.IS*.  The 
aeasured  upwash  is  nomally  within  O.OS*  of  this 
theoretical  value.  The  objective  for  accurate 
drag  work  la  that  the  flow  angle  be  known  to  a 
high  degree  of  precision. 


21  •  Tipioal  variation  of  scrklng 
aoctlon  now  crgla  with  flcach  runbara 

The  coabinatioii  of  scatter  and  repeatability  in 
flow  angle  aeasureaento  presented  in  Fig. 21  is 
about  40.004*.  This  is  considered  to  be  just 
acceptable.  Of  all  the  items  which  can  poasibly 
affect  the  working  section  flow  angle  it  is  known 
that  the  cleanlineas  atate  of  the  smoothing 
screen  in  the  settling  chamber  has  the  largest 
single  effect.  The  level  (but  not  the  variation 
with  Mach  nuaber)  of  the  working  amotion  flow 
angle  can  and  does  vary  with  time.  This  effect, 
is  kowever,  deliberately  aiaimiaed  by  weekly 
cleamlng  of  the  lower  part  of  the  smoothing 
screen.  The  flow  angle  ia  carefully  monitored  and 
frequently  checked. 
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Izp^riMWt  kM  akom  that  tha  uaa  of  |ao4  aaaiity 
"iaoUaaoa  aatara*  la  aa  affaotiva  aathod  of 
■aaauriaf  laoidMMo  aad  ASA  ralioa  oa  thaaa 
haavilr.  It  la  aaaaatial  that  thar  hava  both  a 
vorj  atabla  aaaattivitr  aad  olactrieal  aaro.  if 
althar  of  thaaa  Mra  to  drift  alsalfioaatly,  tha 
affaota  oa  aeourata  drag  aaaauraaaat  aauld  ba 
oataatrephlo.  Tha  alaetrioaX  aaro  aat^ 

aaaaitlvlty  of  thaaa  laatrvMata  ara  ohtalaad  by 
ealibratioa  uaiag  a  graalta  aurfaoa  tabXa  aad  a 
aat  of  oaat  Irea  aadgaa  of  kaoaa  aagla« 
CaXlbratloaa  parforaad  laaadlataly  bafora  aad 
aftar  ovary  taat  aarlaa  ara  uadartakaa  to 
aaiatala  tha  quality  of  attltuda  aaaauraaaat; 
thaaa  ohaokai  hoaavari  aluaya  giva  tha  aaaa 
raauXta.  laoldMica  aatara  ara  rigidly  fixad  to  a 
Bodal  eoapoaaot  aa  aaar  aa  poaaibla  to  tha  froat 
part  of  tha  balaaea  thua  alalalaing  tha  owbar  of 
aodal  Jolata  botuaaa  tha  aatar  aad  balaaoa  ahara 
alauta  hyataraala  oould  occur. 

Tha  old  aathod  of  caloulatlag  aodal  attitude 
(oou  dlaeardad)  froa  a  kaowlodga  of  the  loada  on 
tha  aodal  aad  tha  alaatlc  doflaction 

oharactarlitlca  of  tha  aupport  carta*  atiag  aad 
balaaoa  la  oaly  ratalaad  aa  a  backup  oyatM. 
Thara  la  aapla  ovldanca  to  indicate  that  thia 
ayataa  regularly  gave  errora  of  order  0.02* 
could  alec  have  bean  raaponaible  for  an 

additional  flow  angle  error  of  order  0.02*. 


SuBDort  InUrfarwio. 

ASA  haa  for  aany  yaara  favoured  the  aiaple* 
circular  aiagle  atiag  aupport  ayataa  ahown  in 
Pig. 2  for  drag  teating  on  full  apan  aodela  on 
civil  traaaport  aircraft.  Thia  however*  la  not 
to  the  total  exoluaioa  of  all  other  layouta*  a 
lower  blade  coafiguratlon  having  been  uaed  on 
aona  oooaalona.  For  aoae  aodel  conflguratlona 
the  fin  entry  ayataa  nay  have  certain  attractions 
but  ASA  haa*  aa  yet*  ao  experience  with  thia 
aethod  of  aupport.  The  oorrectiona  associated 
with  tiM  preaeoce  of  a  single  sting  and  the 
olearaaoe  bore  ia  the  rear  fuselage  are  obtained 
by  supporting  the  aodel  on  twin  stings*  aa  shown 
in  Fig. 4*  and  aeaauring  the  forces  on  the  rear 
fuselage  with  and  without  a  siaulation  of  the 
central  sting.  Corrections  to  lift  and  pitching 
aoasnt  nrs  usually  very  saall  and  are  insensitive 
to  Mnoh  nuaber  and  Inoidenos.  Correotion  to  dr^ 
can*  however I  he  substantial.  Typical  drag 
oorreotions  are  illustrated  in  Fig. 22.  These 
results  are  relatively  insensitive  to  Mach 
nuaber  but  vary  alaost  linearly  with  incidence. 
Fig. 23  illustrates  scheaatlcally  tbs  aodel  layout 
adopted  for  aeaeureaent  of  sting  interference. 
The  aethod  relies  on  the  fundaaentsl  assuaption 
that  the  presence  of  the  sting  has  sensibly  no 


effect  forward  of  the  split  in  the  fuselage.  The 
balance  neasures  the  forcee  on  the  rear  fuselage 
with  the  duaay  sting  in  position  (at  shown)  and 
with  the  dunay  sting  renoved  and  the  bore 
replaced  by  the  correct  rear  fuselage  geonetry. 
The  difference  between  the  two  sets  of  balance 
readings  gives  the  sting  interference.  However, 
before  the  balance  readings  are  subtracted  they 
have  to  be  corrected  for  the  pressure  force 
acting  on  the  internal  fuselage  surfaoea  aft  of 
the  split  and, (for  the  duuay*ating  on  case,)  for 
the  pressure  force  acting  on  the  seal  plate,  see 
Fig. 23.  The  accurate  deterainatlon  of  these 
pressure  forces  is  vital.  This  can  be 
appreciated  by  examining  the  aagnitude  of  their 
different  contributions.  A  typical  nodel  rear 
luselage  (without  eapennage)  uay  have  the 
following  forcee  acting  in  the  drag  direction, 

(i)  force  on  external  vetted  surface 
Cp  :  0.0022 

(ii)  pressure  force  on  fuselage  internal 
aurface  Cp  s  0.0015 

(iii)  external  pressure  force  on  seal  plate 
Cp  s  -0.0016  le  base  preseure 
(duuy  sting  Installed) 


Scani'ValvB  ord 
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Wing  ml  block 


Figure  23.  Dalai  le  oF  balanced  rear  Fueelage  io  obialn  eingle  sling  correcllcne. 


IM2 


Thus  uassnted  pressure  forces  pre  each  of 

steilsr  Mgaltude  to  the  sctusl  rear  fuselsfe 
dreg.  These  forces  are  ohtalned  by  aeasuring 
approxlsately  50  pressures  Inside  the  fuselage 
and  about  10  pressures  on  the  seal  plate.  The 
Bost  accurately  available  differential  pressure 
transducers  are  used  to  aessure  the  pressures 
with  plenua  pressure  used  as  reference.  Since 
these  pressures  have  small  low  frequency 
components  (which  are  effectively  filtered  out  of 
the  balance  output)  the  effective  pressure  is 
obtalMd  by  matching  the  response  characteristics 
on  both  sides  of  the  pressure  transducers 
diaphragm. 

The  twin  sting  support  system  itself  is  not 
interference  free  and  induces  its  own  pressure 
field.  Based  on  calculations  by  a  panel  aethod 
this  field  aay  subject  a  rear  fuselage  to  a 
buoyancy  force  of  order  hCp  :  -0.0004. 
Fortuitously,  a  pressure  field  of  this  aagnitude 
has  an  insignificant  effect  on  the  isolation  of 
the  single  sting  support  interference 
(principally  because  the  sting  interference  is 
obtained  by  differencing).  Under  aerodynamic 
loading  the  whole  twin  sting  support  rig,  the 
nodel  wings  and  the  fuselage  balance  all  deflect. 
To  compensate  for  the  resultant  movement  of  the 
rear  fuselage  relative  to  the  simulated  dummy 
sting,  which  experiences  very  small  deflection, 
the  forward  part  of  the  dummy  sting,  is  moved  by 
a  small  integral  actuator.  This  device  has  been 
utilised  to  explore  the  sensitivity  of  the  rear 
fuselage  drag  to  the  vertical  position  of  the 
simulated  sting.  (This  is  s  practical 

requirement,  for  in  the  single  sting  support  case 
the  sting  will  take  up  different  vertical 
positions  in  the  rear  fuselage  bore  as  the 
aerodynamic  loads  cause  different  amounts  of 
relative  deflection).  Fig. 24  shows  the  very 
useful  result  that  the  rear  fuselage  drag  (and 
hence  the  sting  corrections)  are  insensitive  to 
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Flgy^  24«  Fuselagm  vcrioilon  with  vmrilcol 
location  of  single  sting  SLfpcrt* 


sting  vertical  position.  This  is  not  the  case 
for  sting  fore  and  aft  position.  Pig. 25  shows 
that  Boving  the  sting  by  lOOma  relative  to  the 
rear  fuselage  changed  the  sting  interferenoe  by 
nCi)  :  0.0003. 


5  BWGIMB  FLOB  MPttKSBMTATlOII 

Whilst  such  of  the  previous  discussion  has  been 
related  to  the  accurate  determination  of 
wing-body  data,  the  engine  installation  is  s 
aajor  area  of  drag  improvements  or  deficits.  The 
basic  position  of  the  engine  is  dictated  by 
various  design  aspects  which  nay  well  be 
unrelated  to  optimisation  of  cruise  performance. 
Certain  guidelines  have  become  known  as  good 
design  practice  but  there  is  always  Interest  in 
optimising  these  guidelines  for  the  specific 
application  in  hand.  Variations  of  particular 
interest  are  nacelle  toe  and  pitch,  fore  and  aft 
position,  pylon  height,  width,  and  leading  edge 
fairings,  all  of  which  are  influenced  by  2/4 
engine  configurations,  by-pass  ratio,  and  local 
wing  pressure  distribution* 

The  pattern  of  testing  evolved  has  been  dictated 
by  the  assumption  that  inlet  and  exhaust  engine 
flow  conditions  will  automatically  have  an  effect 
on  the  engine  installation  drag  increment  and  the 
installation  drag  interference.  Through  flow 
nacelles  (TFN)  are  used  to  provide  s  standard 
datum  wing  -f  body  *  nacelle  configuration  for 
tests  of  the  complete  model.  Internal  axial 
force  is  normally  obtained  by  calculation  of  the 
losses  in  the  internal  streamtube  between 
upstream  and  downstre^  infinity  using  internal 
pressure  distributions  for  boundary  Layer 
calculations.  Data  reduction  programmes  based  on 
boundary  layer  theory  are  part  of  the  standard 
data  reduction  system.  These  automatically  make 
the  small  adjustment  for  variations  with 
incidence  and  sideslip  as  seen  by  the  internal 
pressures,  with  corresponding  changes  in  mass 
flow  and  internal  drag.  Data  is  computed  via  an 
off-axis  application  of  internal  axial  force 
which  increments  on  the  balance  data  and  is 
subsequently  computed  in  the  correct  axes 
systems.  Complete  model  data  derived  this  way 
will  normally  have  correct  external  nacelle  cowl 
lines  but  reduced  inlet  mass  flow  and  incorrect 
exhaust  representation.  Results  typical  of  this 
basic  complete  model  test  representation  showing 
the  variation  of  nacelle  installed  drag  with 
are  given  in  Fig. 3 . 

To  complement  this  complete  model  data,  a  more 
exact  engine  representation  is  obtained  with 
tests  on  a  half  model.  In  these  teats,  at  the 
larger  scale  of  the  half  model,  it  is  possible  to 
represent  more  precisely  the  details  of  the 
engine  instsllstion  and,  in  particular,  the 
exhaust  flow.  For  the  complete  model,  it  is 
extremely  difficult  to  represent  the  correct 
engine  exhaust  flow  conditions  whilst  making 
force  balance  measurements  because  of  the 
difficulty  of  conducting  the  high  pressure  air 
needed  for  the  simulator  across  an  internal 
balance  in  the  model.  It  is  much  easier,  and 
provides  more  accurate  results,  if  the  exhaust 
flow  work  is  done  on  a  half  model,  mounted  on  a 
half  model  underfloor  balance,  across  which  it  is 
more  easy  to  conduct  the  high  pressure  air 
without  interference.  A  large  part  of  the  engine 
installation  test  work  at  ARA  is  conducted  on  s 
sensitive  strain  gauge  underfloor  balance, 
designed  with  the  appropriate  capacity  for 
typical  civil  half  models  with  a  flexible  duct 
across  the  live  balance  elements.  Calibration  of 
the  balance  with  this  duct  as  Integral  part, 
using  small  pressure  interaction  terms,  enables 
test  data  to  be  basically  discriminated  to  0.1 
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drag  countH  in  the  pretence  of  a  O.S  C|^.  In 
order  to  represent  both  inlet  and  exhaust  flows 
simultaneously,  a  turbine  powered  simulator  is 
used,  fivinf  correct  fan  flow  exhaust 
representation  of  high  by-pass  engines  in  both 
pressure  and  temperature  rise.  The  inlet  flow  is 
nominally  deficient  by  the  inverse  of  the  by-pass 
ratio  and  this  is  compensated  by  the  use  of  a 
modified  inlet  cowl  shape  which  provides  the 
correct  pressure  distribution  on  the  cowl  at  the 
reduced  inlet  mass  flow  (typically  about  12X 
A/Ao),  The  core  exhaust  flow  is  cold  and  has 
proportionally  higher  mass  flow  than  the  hot  core 
of  the  real  engine  but  it  is  considered  that  the 
correct  fan  flow  which  shrouds  the  core  will  well 
represent  the  true  fan  and  core  exhaust  flowa. 
gniine  power  variations  are  simulated  by  changes 
in  sinulator  RPU  but  only  a  liaited  range  is  used 
in  practice  because  of  the  spillage  drag  changes 
which  will  take  place  at  the  same  time.  Major 
power  effects  are  deterained  from  comparison  of 
full  power  TPS  end  sero  power  TPN  builds  with  the 
saae  mass  flow  ratio.  A  typical  result  is  shown 
in  Fig. 26.  Coapiementary  with  these  tests  are 


FigLre.26  EFTects  of  Fan  pressLre  rolio 
(FFfl)  at  the  sane  inlet  mass  Flow 

datum  through-flow-nacelle  testa  to  relate  beck 
to  the  complete  model  testa.  Comparative  test 
conditions  between  conplete  and  half  models 
require  consideration,  as  it  is  well  known  that 
crossflow  tunnel  boundary  layer  effects  on  the 
half  model  fuselage  present  flows  unrepresent- 
tative  of  complete  model  conditions.  For  this 
reason  I  comparative  test  conditions  are  based  on 
local  and  spanwise  lift  distributions  derived 
froa  the  model  pressure  distributions  in 
conjunction  with  the  half  aodel  force  balance 
overall  lift  values.  Related  drags  are  then 
based  on  derived  values  of  incidence  a  frtMi  the 
corresponding  conplete  model  wing  lift  applied  to 
the  half  aodel.  The  half  model  of  course  may  be 
tested  with  or  without  a  metric  half  fuselage  and 
there  are  conflicting  arguments  why  one  method 
should  be  preferred  to  the  other.  It  was 
original  ARA  practice  to  use  a  non-metrlc 
fuselage,  on  the  arguments  that  the 
unrepresentative  fuselage  loads  did  not  confuse 
the  relationship  between  hsif  and  c<HipIete 
models.  This  philosophy  however  later  gave  way 
under  the  mechanical  problems  of  providing  an 
effective  non-interfering  wing  root  seal  and  the 
aerodynamic  conaideralions  that  engine/nacelle 
interference  on  the  fuselage  was  not  measured  on 
a  non-metric  fuselage.  A  fundamental  basis  of 
the  ARA  half  model  test  philosophy  with 


through-flow  nacelles  TPN,  and  turbine  powered 
simulators  TPS,  is  the  need  and  ability  to  be 
able  to  calibrate  the  internal  drag  of  the  former 
and  the  gross  thrust  and  mats  coefficients  of  the 
latter  to  a  required  high  standard  of  mocurmey, 
ie  at  least  O.SI  in  drag  or  0.2X  in  gross  thrust. 
Details  of  these  techniques  are  tfomprehenstvely 
covered  in  Refs  S  and  6. 

As  a  further  complementary  part  of  the  test 
sequence,  special  tests  are  also  made  of  the 
isolated  nacelle,  either  TFN  or  TPS,  to  dotermine 
the  isolated  drag  for  comparison  with  theoretioal 
estimates  and  for  comparison  with  the 
installation  increments  from  tests  with  and 
without  nacelles  installed  Fig. 27a. 


Fjgure.27o  HoIF  mocfel  teats  showing 

PovoLrable  interFereres 

In  addition  to  overall  performance  data, 
incremental  results  associated  with  the 
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FigLre.27b  Tgpicol  nocslle  insLallaLion 
incremsnls  and  discrimination 
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opiiBlMtioB  of  tko  iBOtoliotioo  or*  i^e  soot 
roiloblo.  ClMwtfoo  in  fotrinio»  pylon  nkoplng 
mmI  Mooilo  pMltion  e«a  bo  Quontiflod  in 
inoroMtttAl  droc  torso  to  o  oonfidonoo  iovol  of 
oM  drod  ooimt  Pif.ffb  oo  lonf  no  oil  the 
contributory  orror  footoro  *  Soction  9  *  ore 
■otiouXouflly  oboorved  fro#  toot  to  toot.  In 
portloulor,  boonuee  effootlve  free  otreoa  floit 
onglo  io  ouob  on  inportont  poi^neter  in  drop 
deftnitlooi  it  is  oooontiol  tbot  dotun  repeoto. 
fron  wbiob  «  noy  be  defined  to  0.01*  occurocyt 
oust  be  opoced  tbrougbout  o  oeouenee. 


s  OHfrimKiiJa  TRAviEaE  data 

In  addition  to  denande  for  ever-increasing 
accuracy  there  is  inevitably  a  denand  for 
reducing  test  coats.  To  neet  thi8»  the  use  of 
continuous  d  traverse  testing  has  been  studied  on 
the  basis  that  it  should  ioprove  productivity 
•rhilst  naintainiflg  the  required  accuracy. 

There  is  no  doubt  that  results  obtained  froa  the 
filtered  force  data  syaten  at  low  rates  of  d 
(0.2S  dsgrees/sec)  provides  ^re  than  adequate 
accuracy  on  all  conponents  other  than  drag.  Drag 
of  course  is  derived  fron  body  axis  neasureaents 
of  normal  force  and  axial  force  and  in  order  to 
ninialae  the  effects  of  inaccuracy  in  the 
neasureaents  of  the  less  sensitive  noraal  force 
coaponent  of  the  balance,  balances  are,  where 
possible,  aligned  with  the  wind  axes  near  the 
cruiae  attitude.  In  this  condition  the  behaviour 
of  the  axial  force  need  only  be  analysed. 

At  the  start  of  testing  in  the  continuous  node  In 
1981,  it  was  eatablished  that  twice  the  rate  of 
data  acquisition  could  be  achieved  with  an  d  of 
0.2S*/aec  and  6  data  points  per  second.  This 
produced  results  of  the  fora  Pig. 28.  These 
showed  a  very  reasonable  standard  of  agreement 
for  Ct  ,  Cg  and  Cg  (RHS  wing  root  buffet)  Pig. 28a. 
The  drag  results  Pig. 28b  however  showed  soae 
minor  variations  in  drag  level  coapared  with  the 
steady-state  point  data.  Repeats  using 
pause-traverse  polars  showed  much  sasller 
differences  and  the  basic  shape  of  the  polars  was 
such  aaoother.  As  the  oc  results  looked 
potentially  acceptable  there  did  appear  to  be 
good  reason  to  study  the  drag  repeatabil  ity  by 
analysing  various  factors  which  might  contribute 
to  these  saall  apparent  errors. 


FigLreo28b  Dhagp  conpcx'ison  of 
continuous  tras^erso  ond  pause  data 
6.1  Mach  Number  Pine  Control 

Prior  to  the  introduction  of  continuous  traverse 


tutlBg,  tUDMl  aubMoia  fiaa  a»aad  aaatral  naa 
br  tana  oparatlaa  af  a  aiaaaa  nbaabar  air  blaad 
elreuit  froa  tba  laa  afaaA  iat  af  tba  tiiaaal 
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Figjraa29  OsLails  cP  Umel  spaed 
controls 

(Fig.ft).  Tba  air  floa  tbraiub  tbU  oiroult  aai 
eoatrollad  bjr  a  tarvo  oparatad  valva  tba  poaltioa 
af  ahloh  aat  eontrollad  to  aalataia  ooaataat 
plaauB  praasura  tbraufbaut  ao  luoideBoa  travaraa 
(aetuallr  It  oaatrellad  f/M),  Tba  paaitioa  af 
tbla  bgrpaaa  valva  aat  caatlBiiaiialr  aaaitarad  bp 


FigirsoSO  VariaLian  cF  COo  with 
ouLosatic  spasd  ocntrol  valve  seliing 


t]i«  tiwMl  driver  Md  if  v»lvtf  MVDd  uulMid«f 
Ita  aoMptftbia  working  rnngo  n  oonrnor  aptod 
oomtrel  by  tbo  fna  atntor  flnpn  wm  unod  annunlly 
to  bring  tbo  vnlve  ponitioa  book  into  nomnl 
working  rnngo.  Tbo  vnlvo  opood  oontrol  wno  vory 
roaponoivo  nod  wno  n  great  inprovonont  on  tbo 
logo  aoooointod  with  tbo  old  oyoton  wblob  wood 
otntor  flap  alone  •  tbe  valve  bewever  but  bad  tbe 
oligbt  dioadvantage  of  introducing  a  aaall 
working  aeetien  bueyaney  preaaure  tom  wbiob  in 
turn  influenoed  nodal  drag  Pig. SO. 


■noi  m  mium  ooc  nm  on  tic  nw 
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Pi9M^s31  variation  oF  valve  setting 
end  Moch  nunber  dtring  mcrual  end  constonL 
(£  incidsnoe  iroveraea 

rit-ll  Ibeaa  tppleal  valva  tettini  and  Macb 
nuabar  hintoria.  for  an  Inoidanoa  travaraa  froa 
•4'  to  tC,  porfemad  uaiof  tba  eoabioatian  af 
oarvo  Volvo  and  oanuol  .totor  flopo.  Moob  nuabar 
mo  Boiatalnad  eonotant  aithin  iP.OOl  of  tba  naan 
S  and  the  valva  mvanaota  onlp  latroduead  a  total 
Cp  abaaga  of  about  1.1  dra(  oounta  duo  to 
buepaaep.  Tbta  buopaaep  tara  latroduead  bp  valva 
Bevtaant  ma  oorraetad  autaoatleallp  in  tba  data 
raduetloB  via  tba  ilopa  glvaa  ia  Fig. 30  to  an 
aocuraep  of  ip.3  eouata. 

da  lawavad  Caatral  far  Flaa  ii.eb  Ihiabar 

Tba  original  netbod  deaerlbad  abova  bad  two 
dioadvaatagoo . 
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(«)  tb«  v»Xv«  circuit  iatroduced  a  buoyancy 
eorraotion  to  dra<  (whicb  «4«  aueb  larger  on 
half  aodaU) 

(b)  the  tuonol  driver  «aa  atill  in  the  aaoual 
loop  and  had  to  aaticipate  ratea  of  lacreaae 
of  atator  flap  to  ooapeoaate  ratea  of 
aoveaeat  of  the  valve  due  to  «. 

To  overoone  tkeae  defieieaoiea  the  rate  of 
Bovaaaat  of  the  fan  atator  flapa  waa  increaaed 
fourfold  to  provide  a  aore  reapoaaive  atator  flap 
aervo  ayatea  which  night  pemit  eliaination  of 
the  valve. 

The  reaulta  in  Pig.32a^  ahow  that  thia  node  of 
control  with  flapa  and  no  valve  waa  atill  too 
alow  for  the  teat  condition  of  II  s  0.T4  and  would 
have  been  auch  worae  at  high  If  where  the  nodel 
drag  (i.e.  tunnel  loaaea)  were  larger  and  nore 
rapidly  changing. 

The  next  atage  waa  to  revert  to  an  autoaatlc 
veraion  of  the  original  control  ayaten  utilising 
aervo  control  of  both  atator  fla|»  and  valve 
aoveaent.  The  valve  effectively  controlled  the 
Mach  nuaber  but  the  flaps  now  also  responded  with 
the  aia  of  niniaiaing  the  valve  aoveaent.  The 
reaulta  Fig. 32b  ahow  that  the  abaolute  Mach 
nuaber  control  waa  no  better  than  40.002  but  the 
aaaociated  valve  aoveaenta  were  ainiaiaed  with 
conaeouent  reduction  in  buoyancy  drag  correction. 
Since  neither  of  theae  two  aethoda  control!  the 
Hach  nuaber  to  the  required  accuracy  of  fO.OOl 
the  current  control  aethod  for  d  traveraes  ia 


aervo  valve  with  aaaual  atator  flap  (but  using 
the  higher  rata  of  aoveaent)  Pig.SSo.  For  aamial 
netting  of  a  aove/pauaa  polar  the  valve  and  flap 
aervo  control  ia  quite  aatiafaotory  aee  Fig.32d. 
The  correaponding  valve  aoveaent  shown  on  the 
right  of  Fig. 32  would*  if  uacorrected,  five  a 
drag  buoyancy  of  1.2  counte.  For  teats  however 
where  datua  and  iacranent  drag  accuraolea  of  the 
highest  order  are  required  it  ia  standard 
practice  to  obtain  data  in  the  plteh/pauae  node 
with  the  use  of  the  aervo  valve  and  its 
associated  buoyancy  oorreotloa. 

6.3  gorking  Seotloa  Flew  Maateadi— aa 

At  an  early  stage  it  waa  apparent  that  continuous 
traverse  data  waa  aaaantially  sii^la  point  record 
data  which  although  heavily  filtered  to  renove 
the  higher  frequency  (>  1  Rs)  oontmt  would  atill 
be  subject  to  tiae  variatiooa  at  lower  frequency. 
Data  taken  in  the  aove^pauae  node  would  contein 
aulti  point  data  inputs  which  are 
coaputer-averagad  to  give  a  naan  result.  Thus 
continuous  traverse  data  aunt  inevitably  provide 
randoa  point  selection  of  the  varying  signals  and 
must  as  a  result  be  lets  accurate  than  the 
averaged  data.  In  studies  of  surface  pressure 
fluctuations  and  tunnel  plenua  chaaber  preaaure 
fluctuations  on  teats  with  an  axisyaaetric  body 
it  waa  found  that  the  oscillations  were  aenaibly 
Identical  and  the  aaplitude  of  the  oscillations 
in  recorded  drag  data  were,  for  body  alone  testa, 
very  aoall  i.e.  about  0.15  drag  counts.  To 
pursue  this  investigation  further  the  effecta  of 
working  aection  flow  unataadinaaa  on  a  wing  body 


MITHOD  OF  SPEID  CONTROL 
FLAP*  VALVE  TYPE  Of 
OPERATION  OPERATION  INCIOCNCE 

traverse 


•  SERVO  CLOSED 

°  SERVO  SERVO 

«  MANUAL  SERVO 

.  SERVO  SERVO 


CONSTANT  li 
CONSTANT  I 
CONSTANT  t 
NANUAL 


VALVE 

SETTIN6 


V 

•THESE  ARE  TRAIIMG  EDGE  FLAPS  ON  THE  FAN  PRE-ENTRY  STATOR  GUIDE  VANES. 
SPEED  OP  FUP  HOVEMENT  INCREASE  At  FOR  ThESE  TESTS 


FigLAne.32  ETTsd  cP  vcriouB  nodes  of  apood  cxrrlrol  servo 
on  moch  number  and  valve  position 
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oMftiuratioB  hAv«  lM«a  tSAftlMd  by  recording 
dntn  la  n  SO  acocad  period  at  a  rate  of  4  polate 
per  eeeoad.  Tbe  reeulta  ebem  in  Pig.SS  were 
obtained  at  M  «  0«t  over  a  raaie  of  variatione 
fron  O.t  to  0.8.  fif.SS  abM  that  not  only  did 
tbe  tuanel  plenun  preaeure  oaeillate  but  tbe 
nodal  pitebed  witb  an  e^litude  of  about  ip.Ol* . 
At  tbe  atronger  fluetuatiag  oondltlooa 

oorreapooding  to  higher  C|,  tbe  traoea  elearly 
abow  that  the  flow  preaattt#  uflateadlneea  and 
nodal  bounee  were  inter-related.  Correction  for 
tbe  inertial  bounoe  effect  on  «  did  reduce  tbe 
anplitude  of  tbe  and  Op  fluotuationa  but  a 
aigniftoant  force  relationabip  to  preaeure 
fluctuation  waa  retained.  Tbe  reeulta  la  Pig.SS 
abow  that  tbe  anplitude  of  tbe  and 
oaciilatlona  were  very  aaall  at  C|^  s  0.2  but  at 
s  0.8  tbe  drag  oaolllaticna  Inoreaaed  to  tO.5 
drag  oounta. 

At  both  of  tbeae  C|,  teat  ooaditicna  at  M  s  0.8 
tbe  naln  freouenoy  waa  about  O.tS  8a  witb  pleniM 
preaeure  aaplitudea  doubled  fron  £0.7  ab  at  low 
Tbe  body  preaeure 
were  found  to  fluctuate  in  phaae  witb  tbe  plenun 


and  with  an  aaplitude  cioee  to  tbwl  uf  ibe 
plenun.  Tbeae  reeulta  indicate  that  a  tine 

averaged  force  or  preaeure  reault  taken  over  a 
period  of  about  4  aeconda  abould  eneonpaaa  all 
tbe  very  low  frequency  variatloaa  to  give  a 

reaaoaable  naan  value.  for  ateady  atate 
nove-pauae  data  it  la  practice *  particularly 
where  acaalvalve  preaeure  ^ta  la  teiag  recorded, 
to  tako  a  force  eaaple  for  every  eoaalvalve  pert 
which  gives  48  force  data  peiata  over  a  aaaple 
period  of  4.8  aeconda.  Pig.SS  Indioatea  that 
ooapariaca  of  single  point  data  witb  the  tine 
averaged  data  gives  a  possible  aoattar  of  the 
femer  of: 

C|^  B  0.2  Cp  £0.2  drag  oouBta.  C|,  1*0018 

C|,  a  0.5  Cp  £0.7  drag  oountSi  Cj^  £.00S 

It  is  seen  that  a.  continuous  traverao  node  of 
foreo  data  recording  on  a  ooaplote  nodal  at 
typloal  orulaa  levels  of  lift  will  not  be 
eetiefaotory  for  inorenental  drag  diseriaiaation 
between  two  conflguratlona.  Traverse  data  will 
however  be  Juet  acceptable  for  absolute  drag 


RCASMIO  MTA 

COMCCTCO  MTA  (t*  tMtUnt  a) 


IMS 


dcfiniticMi  or  ■•riot  to  torioa  eoitptritoii.  It 
MB  hOMVOr  bt  BTfUMl  tbBt  B  poXoT  doflDOd  by  ft 
■ttltltude  of  points  froa  ft  oootlauous  trsverse 
■ftf  noil  provldft  tigBifiOftatiy  enhftoced  drftg 
ftoournoy  ftftor  data  aaooUiiAg. 

St4  mx  IMil  Tfrtlni 

For  Bodorn  advaoco  civil  wini  configurations 
Boynolds  auabsr  offoets  are  largs  snough  to 
roquiM  dovelopaent  testing  to  be  done  on  as 
large  a  aodel  as  possible*  la  addition,  as 
•entioned  in  section  S,  for  developaent  of  wing 
nounted  engine  configurations  with  engine 
slnulatora  it  is  aore  practical  to  nount  a  half 
aodel  carrying  siaulators  on  a  floor  or  eall 
nounted  half-aodel  balance.  Hie  conse(|uenl  aodel 
scale  is  noraaliy  about  40X  greater  in  linear 
diaensions  with  the  lift  generated  on  the  half 
wing  being  eoual  to  that  on  the  wing  of  the 
coaplete  aodel.  As  a  result  the  distance  of  the 
tunnel  wall  opposite  the  lifting  surface  of  the 
half  wing  is  aoo*dlaenslonally  the  sane  as  that 
of  the  coaplete  aodel,  whilst  carrying  twice  the 
lift.  As  a  consequence  it  was  not  surprising  to 
find  that  the  aaplitude  of  the  fluctuations  on 
the  working  section  and  plenM  pressures  was 
considerably  greater  for  the  half  aodel. 
Bxaaples  of  typical  fluctuations  in  force  and 
pressure  data  are  shown  in  Fig. 34.  A  direct 
relationship  has  been  shown  between  the  tunnel 
plenua  pressure  fluctuations  (or  M  indicated)  and 
the  pressures  aeasured  on  the  surface  of  the 
half  body  and  the  axial  force  on  the  balance, 
which  effectively  renains  unfiltered  at  these 
very  low  frequencies.  The  Cp  fluctuation  levels 
shown  in  Fig. 34  are  about  half  the  original 


FigLre.34  Ineicbiliiies  with  holP  ncdels. 
□stalls  cf  data  sarples  canstiUriing 
3  GD  points  at  fixed  OC  . 

nagnitude  as  it  was  found  that  these  fluctuations 
were  related  to  a  strong  separation  of  the  tunnel 
flow  in  the  V8  comer  on  the  wall  opposite  the 
lifting  surface  which  responded  well  to  the 
addition  of  vortex  generetors.  As  a  result  of 
the  large  aaplitude  of  these  lea  frequsnoy 
fluctuations  it  is  iapossible  to  use  continuous 
traverse  data.  All  data  is  new  taken  In  the  48 


point  averaging  node  and  froa  Fig. 34  il  is  seen 
that  the  value  of  the  averaged  axial  force  for 
the  three  repeet  caees  studied  is  ooaaiateat  to 
better  than  0.5  counts*  For  tests  whsre  the  Msoh 
nuaber  is  beyond  the  drag  rite,  account  auet  alec 
be  taken  of  the  eoaputed  M  for  each  of  the  4ft 
points  to  select  only  thoee  points  which  are 
within  ±0.000$  in  dM  of  the  noainal  M,  the  drag 
for  these  points  are  then  averaged  to  give  the 
value  at  the  noainal  M.  Attentioa  to  this  typs 
of  detail  is  essential  if  the  apparent 
randonness  of  data  is  to  be  understood 
reduced . 


T  quality  Qg  PttAfl  ygauLya 

Fig. 35  shows  the  stam^rd  of  drag  neasureaent 
repeatability  achieved  in  the  ARA  transonic 
facility  s  few  years  ago.  The  Inter^test  series 
repeatability  obtained  on  ooainally  the  saae 
nodel  configuration  tested  during  three  csapeigns 
gave  s  total  uncertainty  in  Cp  of  about  0.0005. 
(The  nodel  was  totally  dlsasssnbled  bstween  each 
of  these  tests).  Fig.  36  shows  thst  ths  shapes 
of  drag  polars  (natohed  to  the  sane  drag  level  at 
«  0.285)  could  differ,  within  a  given  test 
run,  by  up  to  0.(XX)1  in  Cp.  These  standards  just 
set  the  requireaents  specified  in  reference  1  but 
certainly  did  not  aeet  the  further  requireaent 
discussed  in  section  2.  It  was  against  this 
background  that  concerted  efforts  were  aade  to 
gradually  laprove  all  the  constituents  which 


Flgire  3S*  Old  eUnkrd  cf  paler  shns  rspsolobill^ 
kMcmred  in  Ua  soa  Uni  nri  • 

Single  eilng  laetsi 
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tte  qiMlltr  dng  4aU.  Fig*  )T 
•kornm  tk9  oiirrMt  tnality  of  typleol  iotor*ioot 
•orioo  droc  rooulto  okicli  ooy  bo  oooporod  oitb 
tho  oorlior  otoadofds  illuotrotod  lo  fii.SS. 
Iiitor-toot  Mrioo  ropootoblXlty  la  worn  oloa#  to 
Cn  iiO.OOOl  abottt  a  oaoa.  Oifforoocaa  lo  ibo 
aaofo  of  rofoat  dra<  polaro  parferood  duriot  tbo 
aaoa  tost  nio,  fid*  Stt  oro  ooo  to  saoll  tkat 
tho  two  polara  aro  ladistladialMbXo. 

In  tbo  past  it  was  not  eooaoa  practieo  at  OEA  to 
iavostlcato  the  quality  of  drag  aoasuroasntn  by 
undortakintf  sxtoasivo  ropoat  tostlnd  sad  boaoo 
oxaaplos  whieh  prodats  tboso  fivon  in  Flg.SS 
(say  of  10  yoars  ago)  cannot  bo  prosontod.  Iven 
nowi  "ba^  to  back”  tooting  is  unooaoon  and 
statiatioa  on  intor-tost  torioo  ropoatability  aro 
ofton  difficult  to  obtain.  Ibo  roasons  for  tbiSf 
howovori  aro  quite  undorstandablo  In  an 
industrial  faoillty.  For  as  a  civil  aircraft 
aodol  paasoa  through  tho  dovolopoont  phase  the 
■odol  often  starts  each  sueeossivo  sorios  of 
teats  oobodying  the  geoootric  changes  evolved 
during  the  previous  tests. 


It  can  be  seen  that  even  with  the  current 
standard  of  intertost  series  repeatability  (Cp 
*0*0001)  it  is  still  essential  to  establish  a 
drag  datua  level  within  a  given  test  series  when 
fine  drag  increaents  are  a  priaary  test 
objective. 

The  current  standard  of  loter-test  series  drag 
repeatability  obtained  froa  aodel  tests  conducted 
using  the  twin  sting  support  systea  is 
illustrated  in  Fig.St  to  be  within  ip.OOOl 
about  a  aean.  When  it  is  reaeabered  that  these 
results  are  derived  after  the  applloation  of  very 
large  oorreotions  to  reaove  the  fuselage  internal 
pressure  force  froa  the  balaaoe  readings  it  is 
quite  reaarkable  that  such  a  standard  is 
achieved. 

Philst  inter-test  series  drag  quality  is  not 
deaonstrated  on  a  regular  basis »  the 
repeatability  within  a  given  test  series  is  now 
deterained  routinely.  It  is  coaaon  practice  to; 

(i)  repeat  at  least  I  polar»  and 

(ii)  repeat  each  "Cpo  run” 
for  every  configuration. 

This  effectively  aeana  that  the  drag  level  of 
each  polar  is  aeasured  at  least  twice  and  the 
shape  of  approxiaately  1  in  S  polars  is  also 
checked.  Saaple  results  froa  both  single  and 
twin  sting  exercises  are  presented  in  Figs. 38 » 
and  40  to  42.  Drag  repeatability  aeaaureaents 
are  now  consistently  achieved  within: 

polar  shape  Cp  40.00002 

polar  level  Cp  40.00003 
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Flg^r«  4U  CLrr«ri  aUndrd  of  polcr  ilvM  rapsiUblUty 
haoinid  in  mam  nrl  •  iMln  sting  issts* 


n-nrwg 

*  Initiol  r\j> 
c  AipsdL  ru) 
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Ojaa  OJB  (L70  0.75  QJBO  OJB  0.9D 

ffDtMfffil 

Fl9.r«  42*  Ctrrsnt  «icndard  oF  lavol 
rspaatebiUUja  Twin  M.ing  iaet*. 


AltlMMKh  thsss  ttaadsrds  svs  now  wsll 
ssinbiisbo^t  roponinbllitr  nsnsuronents  still 
fora  na  intsiml  port  of  nap  tsst  ssriss.  Snob 
asasursasnts  nrs  nscsssnrp  to  help  iadioats  if 
errors  have  occurred  withia  the  tests  aad 
deaoBStrate  that  high  standards  are  being 
aaiataiaed  whioh  in  turn  justifies  the 
credibility  of  the  results  obtained. 
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La  prdeleioo  dee  pcrfocaaacee  d*un  futur  avion  de  traneport  nBcceelte  une  pr6eleion  de  la  ae- 
aura  du  coeffieleat  de  cral^e  du  'point**  (1.10 

L'expoei  prdeente  lee  rdeultate  obtenua  dana  ce  doaalne  dana  lea  eoufflerlea  SIMA  et  S2HA  du 
Centre  d^aaaala  de  I'ONBBA,  1  Modane-Avrleux*  Lea  ndtbodea  ucllladea  pour  obtenlr  la  qualltd  cherchdc  ne 
prdaantenc  paa  de  nouveauti  de  foiid*  nala  toutaa  ont  6t6  nlaea  an  oeuvre  de  faqon  trda  aolgnda  an  ■ultl* 
pliant  lee  redondaaeaa  et  lea  co^eralaona.  L*expoe6  prdaente  auaal  dea  exeeplea  dea  nithodea  enploydea 
pour  cortlger  lea  rdaultata  dea  effete  de  parole  et  de  aupport. 


L*un  dea  objectlfa  qua  ac  flxent  lea  ex* 
pdrlnentateura  an  aoufflerle  eet  de  neaurer  le 
coefficient  de  tratnie  d'une  ■aquette  d*avlon  de 
trenaport  de  type  AIRBUS  (figure  1)  avec  la  prdcl- 
aloo  abaolue  de  1«10~^,  eux  condltlwia  de  la 
crolalire  (rlfirencc  1).  Le  coefficient  de  trafnde 
i  neaurer  dana  cea  condltlona  dtant  de  I’ordre  de 
350.10''*,  la  priclalon  relative  eet  de  l*ordre 
de  0,3  Z.  Cette  prdclalon  doit  peraettre  d'identl-' 
fler  de  faqon  aaaurde  dea  dcarta  de  trafnfie  entre 
dlff€rentea  coaflguratlona  de  l*ordre  de  1  Z  de  la 
trafnde,  aolt  environ  3.10"^,  et  de  faire 
nleux,  al  poaalble. 


COOT  D  EXPLOTATION 


A  quo!  correapond  cette  exigence  de  prd- 
clalOD  dana  le  cadre  du  ddveloppeaent  d'un  nouvel 
avion  de  la  fanllle  AIRBUS  T  La  figure  2  prdaente 
dana  aa  partle  gauche  lee  coapoaaotea  eaaentlellea 
du  coOt  d'exploltallon  direct  d'un  avion  de  trana’- 
port  *040010,  et,  i  drolte,  lea  lllnenta  conatltu- 
tlfa  du  prlx  de  I'avlon  tiria  de  la  rlfdrence  2. 
Le  prlx  du  carburant  entre  pour  IB  Z  dana  le  code 
d'ei^loltatlott  direct  alora  qua  l*enaeable  dea  re- 
cherchea  airodynaalquea  ne  reprdaente  que  0,5  Z  du 
prlx,  aolt  0,2  Z  du  total,  la  part  dea  eaeala  an 
aoufflerle  ne  foment  qu*une  partle  de  cea  deux 
nilllteea.  On  gain  de  I  Z  aur  la  trati^e,  done  aur 
le  carburant,  conduit  R  une  dcononie  de  0,2  Z  aur 
le  coOt  d'eiploltatlon  direct  et  couvre  le  flnao' 
cenent  de  I'enaenble  dea  rechercbea  alrodynanl* 
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qu«a.  II  eat  done  partlc  lidcenent  Intireaaanc 
d'lnveatlr  dana  ce  doaalne.  L*dvolutto&  du  prix  du 
carburant  pent  nodifler  cea  ordrea  de  grandeur 
Mia  na  change  paa  fondaMntaleaeot  I'lnt^rit  (co- 
nonlqua  d'une  reduction  dc  la  trainee,  d'autant 
qua  cette  reduction  preaante  auaal  dee  avantagea 
en  Mtidre  de  diatancea  f ranch! aaahlaa  et  de  char-* 
gea  utilea*  On  reMrquera  d  cette  eceaeion  qae 
I'influence  du  prlx  dee  eaaala  en  aoufflerie  aur 
le  codt  direct  d'exploitation  d*utt  avion  de  trana*^ 
port  eat  preaque  negllgeahle. 

C'eat  pour  repondre  d  ce  beaoin  que  la 
Direction  dee  Grande  Hoyena  d*Eeaaia  de  l*OKBdA  e 
de^loppd  lea  nethodea  ec  lea  aoyena  lida  d  la  ae- 
aure  preclae  de  la  trainee  dee  avlona  de  trena- 
port*  Ce  developpeeent  a  dte  conduit  en  collabora* 
tion  avec  lea  conatructeura  conceroea, 
1*AER0SPAT1ALE  et  MBB,  et  a  donnd  lea  fiddlltea  de 
I'ordre  de  grandeur  voulu  pour  lea  eaaeia  indue*- 
triela  effectuda  dana  lea  aouffleriea  SIMA  et  S2MA 
du  Centre  de  Hodane-Avrieux*  Cea  reaultata  one  ded 
prdaeneda  dana  la  rdfdrence  3,  et  le  prdaent  docu- 
■ent  reprend  cea  dldnenta  en  leur  apportant  un 
conpldeent  d'inforMCiona* 

La  prdcialon  abeolue  du  lO**^,  dolt 
dcre  co^riae  au  aena  habltuel  dee  calcula  d'er* 
reur,  c'eat-d-dlre  coom  une  evaluation  de  l*dcart 
Mximn  entre  la  Maura  rdelle  et  une  hypothdtique 
Maure  parfalte  qul  aeralt  effectude  dana  lea 
Ma  condltlona*  Cette  prdclaion  ne  peut  dtre  dva* 
lude  praclqueMot  qu*en  nultlpllant  lea  Maurea  et 
en  analyaant  leur  dlaperaion.  Cette  dlaperalon 
qualtfle  la  fiddlitd  dea  Maurea  et  e'eat  elle  qui 
eat  dooade  cobm  une  dvaluatlOT  de  la  prdcieloo  en 
conaiddrant  que  le  prealer  dea  objectifa  1  atteln-* 
dre  eat  d'dtre  capable  de  retrouver  lea  ndaiea  rd** 
auleata  dana  dea  conditione  identiquea*  Une  fidd*- 
litd  dea  Maurea  au  niveau  de  prdcialon  requla  eat 
d'allleura  aufflaante  pour  identifier  lea  dcarta 
cherchda  entre  conflguratlona.  La  Juateaae  dea  ne-' 
auree  ne  pourralt  itre  globaleaent  dvelude  qu'en 
ae  rdfdcant  d  d*autrea  aeaurea  de  qualitd  au  noina 
dgale  effectudea  par  ailleura.  De  telles  aeaurea 
ne  aont  paa  disponlblea  pour  SIMA  qul  n*a  paa  d'd- 
quivalent,  et  ellea  aont  rarenent  dlaponlblea  par*' 
ce  que  lea  eaaala  effectuda  dana  dlffdrentea  Ina- 
tallatlona  correapondent  gdndraleaent  d  dea  phaaea 
aucceaalvea  du  ddveloppeMnt  du  proJet  et  font  que 
lea  conparaiaona  aont  difficiles  d  organiser. 
L  *expdrlMntateur  ne  peut  done  assuret  la  Juateaae 
dee  Msuree  et  leur  velidltd  qu*eo  cholataaant  dea 
eppereils  de  neaurea  prdcla,  en  lea  >^rlflant 
conetanent  et  en  uCillaant  dee  redondancea  chaque 
fola  que  le  Maure  d'un  peresdtre  est  possible  par 
pluaieura  noyena  de  MSure  diffdrenta* 

Ddflnir  la  prdclaion  abaolue  avec  la- 
quelle  lea  caractdriatlquea  en  vol  aeroot  prdvuea 
d  partir  dea  eaaala  en  aoufflerie  eat  un  tout  au¬ 
tre  probldM.  La  tranapoaltion  au  vol  est  effec¬ 
tude  en  deux  dcepee.  La  prenidre  conaiate  d  corrl- 
ger  lea  rdaultata  d'essai  dea  ternea  paraaltea 
proprea  d  la  aoufflerie  pour  dvaluer  lea  rdaultata 
qul  eeralent  obtenue  aur  la  adste  Mquette,  dans 
lea  ndnea  conditions  adrodynenlquea,  mIs  en  cha^> 
libra  et  aana  support.  Lea  correctiona  de  ce  type 
uauelleMnt  appliqudee  d  SIMA  et  S2MA  aeront  prd- 
sentdes  dana  la  suite,  Mie  I'dvaluetion  de  leur 
Juateeee  eat  trda  difficile  d  obtenir*  La  deuxidM 
dtape,  qul  est  une  trenepoeltioo  prenant  en  co^te 
lea  diffdreneea  de  gdoadtrie  et  de  conditions  ed- 
rodynenlquea  entre  la  Mquecte  en  che^>  llbre  et 
I'evlon  en  vol,  ne  sere  dvoqude  qu*au  niveau  dee 
contrdlee  dee  ddforMtiona  dea  Mquettea  en  easel. 


1  -  ES8AI8  nu»  Sim 


La  aoufflerie  SIMA  est  une  aoufflerie 
continue  ataoephdrique  dont  lea  velnes  d'easal  de 
6  adtree  dc  dieadtre  petMttent  d'eaaayer  dea  m- 
quettea  d'avlon  de  transport  d'envlron  4  ndtrea 
d'envergure  Jusqu'd  dea  noabrea  de  Mach  de  0,90. 

1.1  -  Plddutd  i  SIMA 

La  figure  3  prdaente  un  exenple  de  re- 
coupcMot  obtenu  eu  seln  d'une  rotation  d  SIMA  ; 
elle  nontre  I'dvolutlon  dea  caractdriatlquea  lon- 
gltudloalea  de  la  Mquette  au  coura  d'une  varia¬ 
tion  continue  de  I'lncidence  effectude  dana  lea 
ndnea  conditions  adrodynanlquea  en  ddbut  et  en  fin 
de  rotation.  Lea  rdaultata  aont  obtenua  par  inter¬ 
polation  dea  donndes  brutea  d  nonbre  de  Mach  et  Cz 
fixda.  Lea  dcarta  aont  trop  petite  pour  pouvolr 
dtre  obaervda  d  I'dchelle  habituelle  de  cea  traeda 
et  dea  agrandlaaenenta  locaux  aont  ndceaaalres 
pour  lea  nettre  en  dvldence.  Dana  ce  caa,  I'dcart 
en  Cx  d  Cz  0,5  eat  de  0,3.10~^,  e'eat— d— dire  d 
I'lntdrleur  de  la  fourchette  de  dlaperaion  d 
tenlr. 

SI  .  POLAIRES  DE  RECOJPEl^BfT 


La  cooparaiaon  dea  rdaultata  auccesaive- 
aent  obtenua  eat  facilltde  en  calculant  la  tratnde 
Boyenne  d  portance  donnde,  pula  lea  dcarta  algd- 
brlquea  par  rapport  d  la  aoyenne.  Lea  figures  4,  5 
et  6  prdaenteot  dea  exeaplea  de  cea  conparalaons 
au  gain  d'une  rotation  (figure  4),  entre  rotations 
d'une  ndne  caaqpagne  (figure  5)  et  entre  cai^>agne8 
(figure  6).  La  figure  7  regroupe  dea  dldBenta  ata- 
tlatiquea  pour  cea  trola  types  de  cooparalsona. 

SI  .  RECXXJPEMENT  DANS  UNE  ROTATION 


i 

I 


I 


Fig.  4 
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frijMtHi  4»  Im  A  pciMat* 

m  fMMipMM  in*  ••TO  4am  uaa  rotation*  8«r 
ciMOM  •llVMPi  Im  iieorto  tlfOWlyioo  on  troiaOt 
9m  mmam  ft'  to  Mfoano  <otooUo>)  rat  polotio 
m  tmaUm  to  to  forunoo  (ortooato)-  Uo  hioto- 
tmmmrn  owocito  am  gratotora  tonrat  laa  dlo-* 
ttitotlra  too  ootowrs  otooloot  too  icorto*  Loo 
yitoo  9tiM  m  ooopto  poor  toto&ir  coo  hlotogroo- 
■00  ooot  otooooo  por  lotorpotottooo  too  tonotoo 
tootoo  (oolp  l*2»ft)  ot  loor  oooibn  tooo  lo  doooloo 
to  oortottoo  otoorol  oot  ciMtoi  por  l*osp<riBODto- 
too**  Vo  poovoootogo  too  poitoo  tooo  uao  foorchot* 
to  4*toort  foolifto  to  port  to  to  eoorbo  roprCoon'* 
totiot  tooo  am  toooioo*  Loo  coo  prtoootto  oont  ro- 
pttooototifo  to  CO  goi  oot  pioirilrant  oboorvC  : 
Loo  toorto  ootn  pololroo  cooporobloo  to  tobut  ot 
to  l|o  d*«oo  atoo  rototioo  oo  dlpcoocot  poo 
L*L<ro,  oolt  0  0,5*10^  por  ropport  4  lo 
ooyooBo*  Coo  coortoo  roprCooototlooo  too  Ccorto  ot 
coo  hlototronooo  ooot  oyottootlguotot  produito  d 
lo  flo  do  choquo  rototloa»  co  qul  poroot  d  l*o«pd~ 
tlooototoor  to  jugor  ouooltdt  to  oolldltd  to  l*om 
pdrlooco  oo  couro*  Sor  to  figttro  7,  I'hiotogroooo 
do  gotftcbo  rogroapo  tooo  loo  hlotogruooo  obtoauo 
do  cotto  foqoo  pour  loo  24  rototioao  d*ao  atoo  oo- 
ool«  Doao  fl  X  doo  coo,  loo  fteorto  por  ropport  d 
lo  aoyoooo  ooot  iofCriooro  ft  0»S*10~^  ot  llo 
oo  ddpoooont  1*10**^  quo  poor  0»S  X  doo  coo* 
Voo  toorto  loo  pluo  forto  oot  (t<  oboorvdo  ou 
eouro  d*uao  rototioo  oprto  toquolto  11  ovolt  itl 
cooototd  quo  doo  orlflcoo  ft  to  ourloco  do  to  oo- 
quotto  o'dtoloot  pluo  obtorCo  oooc  to  oftoo  quolltft 
qu*ovoat  lo  dtoorrogo*  Co  dftfoot  orolt  (t<  ootlnft 
•uffloooBoat  pou  iaportoot  pour  quo  loo  rftoultoto 
ooioat  coaoorWi  $  I'blotogroooo  gfoirol  on  porto 
ntonoolao  to  troeo*  Loo  rototioao  pour  looquollot 
doo  dftfouto  float  eloiroBont  Itoatlflto  no  oont  pot 
Ineluoofl  doao  coo  ototlfltlquoo  coano  no  foloont 
poo  porelo  do  Ifl  oIm  poptttotioo*  Lo  dloponlbili* 
t<  do  cot  hlfltogroflBo  gdodrol  pomot  do  jugor  la*’ 
aCdlfltoaoot  ol  to  dloporoion  oboorvdc  loro  d*une 
rotfltioa  oot  ooraolo  ou  non*  ot»  dona  lo  coa  od 
olio  oo  l*o«t  pOfl»  l*oxpdriaentotour  engage  une 
oxportlflo  pour  Idootlfior  l*orlgloo  de  I'oao' 
Oflllo* 


SI  .  RECOUPEMENT  ENTRE  ROTATIONS 


Cea  coflq)oroiaoao  oyatftaatlquea  effect 
tudos  d  un  ooabre  dc  Koch  aoddrd  (0,70)  quoliflent 
oflflontlelloaeot  lo  flddlltft  da  dlopooltif  expCrl-* 
acntfll  done  doo  condlclona  od  loo  phiooninoa 
tronflflonlquco  ne  jouent  poo  de  rdle  olgnlf Icotlf • 
Lo  ftddlltd  ef foctieoaent  obtomie  oua  condltlona 
do  lo  crololftro  cot  llluotrdo  por  lo  figure  5.  Leo 
grophlquoo  prioontoot  loo  dcorto  olgfbrlquos  de 
trofndo  por  ropport  d  lo  aoyenne  (obacloflo)  on 
fonctioa  do  lo  portonco  (ordoando)  ontre  deux  ro-^ 
totiono  dlffdrentofl  offoctudoo  ca  ddbut  ot  fin 
d*une  aftae  co^>ogno,  our  uao  ceaf igurotlon  donado. 


pour  trclfl  noabrao  to  Mach  to  0,78  ft  0,82.  Uo 
hlfltogrooBoo  ooooclto  ft  cboeua  doo  gropblquoo  doo* 
ttoot  to  dlotrlbutlM  doo  dcortfl  por  ropport  ft  lo 
•oyonno.  Coo  dcorto  no  ddpooooat  1.10*^  quo 
trfto  oraptloanolloooat  ot  ooat  Infdrlouro  ft 
0,75*  10  doao  93  X  doo  coo*  Sur  lo  figure  7, 
I'hlotogroflflM  du  coatro  prtooato  I'oaooablo  doo 
dcortfl  conototdo  ontro  ddbut  ot  fin  d*ttao  r aapagne 
d'ooflol  pour  huit  aoobroo  do  Koch  coaprlo  ontro 
0,b0  ot  0,84.  Ufl  noourofl  to  trotato  float  doao  uao 
fourehotto  do  ♦0,75.10'*!  doao  90  2  doo  cofl* 
Uao  oaillorotlMi  to  to  prdcloloo  pourrolt  itre  ob* 
tOBuo  on  ougaoBtoat  lo  aoBbro  too  aoouroo  ot  doo 
rototioao,  nolo  loo  conotructouro  cencomdo  a'ont 
poo  jugd  odcoooolro  d'oaguontor  to  toille  du  prd* 
IftvoBont,  loo  prdclolono  toauoo  tonnont  ootlo* 
foctloa. 


SIXOOUPQJB^&OPE  CAIkFAGNES 


Fig.  6 

Lo  figure  6  prdoonto  enfln  une  coaporol* 
aon  oDtro  deux  coflpognoo  d'ooool  odpordoa  par  un 
Intorrollo  de  alx  aola  pendant  lequol  lo  aoquotto 
ot  lo  aoncogc  oat  ded  entldroaeat  ddnoatla  pula 
roaoatdfl.  U  eyetdao  de  reprdoeatotlon  eat  le  aftac 
quo  pour  lea  flgurea  prdeddentefl.  Aux  aonbreo  dc 
Mach  0,78  et  0,80,  tou*  lea  dcorta  de  trofade  aont 
Infdrleura  I  0,75.10“!  ot,  ou  noabre  de  Koch 
0,82,  lea  dcortfl  ae  ddpoooent  l.lCp!  que  dona 
10  t  dea  coa.  Sur  lo  figure  7,  I'hletogroMC  de 
droltc  prdoeate  I'eaaeable  dea  dcorta  entre  cea 
caapognea  regroupda  pour  aept  noabrea  de  Koch  on* 
tre  ot  0,84.  Teua  lee  dcorta  aont  Infdrleura 

8  1,5.10  et,  dona  80  X  dea  coa,  11s  aont  In¬ 
fdrleura  8  1.10“!. 

SliECOUPBCNTS .  ^ftSTCXlRAMVES  D’ENSBueif 


Fig.  7 


Ufl  hlfltogrflaaefl  to  lo  figure  7  peraet- 
tent  de  coaporor  too  dloporoloao  ou  oeln  d'une  ro- 
totlOB,  ontro  rototlons  d'ano  aine  coi^ogoe,  entre 
coapogae  pour  ua  groaft  noabre  de  prdldveaento.  Uo 
dcorto  aont  touo  Infdrlouro  8  1,5.10“!,  nolo 
lo  diotrlbutloa  doo  dcorta  dovlent  plus  plate 
quoad  U  durdo  d'obootvotlon  ougaonto  ot  quo  le 
noabre  de  focteura  perturboteuro  ougaente* 
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dm  cma  r4suitAC«  pr4««ate  !«« 
fl441le€«  i  court  toraa  ot  k  loM  t«rae>  Bllot 
•oat  cooaldiriaa  cobm  aatlafaisaacca  par  laa  d*~ 
■aadaurs  d'aaaala*  Qualquaa  aaaaia  oat  prfiacacC 
daa  fldilitCa  aaiilauraa  aaia  11a  aa  aoat  paa  mm- 
aas  aoabrauz  pour  dtra  coaaiddrda  aujourd*hui 
(1987)  coaaw  coaatltuaat  la  aoraa  at  na  aoat  paa 
prdaaatda  Icl. 

1*2  -  a—<rlwaara1 

Coaaaac  catta  fldClitd  aat-alla  obta- 

oua  ? 

Laa  BOjrana  aoployda  aoat  caux  habitual- 
laaaat  utlllaia  au  Caotra  da  Hodaae-Avriaux  pour 
laa  aaaaia  da  paada,  aaia  tout  la  procaaatia  axpd- 
riaantal  a  dtd  rapaaad  da  faqoo  k  iacorporar  lea 
■alllaura  apparalla  at  laa  aaiilauraa  odthodas 
dlaponiblaa*  11  ii*y  a  done  paa  da  nouvaautd  de 
food*  aala  un  aiapla  changaoent  da  dagrd  dans  le 
niveau  gdodral  da  la  quailed*  Ca  changaaent  de  ni¬ 
veau  na  paut  dtra  obtanu  qu*an  organiaant  apdcla- 
laoaot  laa  aaaaia  at  an  conaacrant  du  taapa  k  de 
trda  noabraux  contrdlaa.  II  an  rdaulte  una  augoen- 
tatlon  daa  durdea  at  daa  prix  qui  llaita  la  par- 
factioonaaent  du  procasaua  axpdclaantal  at  rdaetva 
son  utilisation  aux  axpdrlencaa  la  connalasanca 
Crds  prdclsa  de  la  tratnda  eat  un  objectlf  prlorl- 
calra* 

1.2.1  -  mthoda 

La  procaaaua  axpdrlaantal  coaporta  tou- 
taa  laa  dtapaa  da  1 *axpdrlenca,  dapuis  aa  concep¬ 
tion  Juaqu'l  la  fournltura  das  rdaultata  ddflnl- 
tifa*  Tous  laa  dldaenta  qul  la  coaq^oaant  condl- 
tlonnant  la  qualltd  du  rdaultat  final  at  dolvenc 
dtra  utlllada  au  alaux.  La  ddfalllanca  d*un  saul 
coiqproaet  la  tout-  II  eat  done  laportant  qua*  dda 
la  ddpart*  I'objactlf  da  qualltd  aolt  expllcita- 
aant  exprlad  at  coaaunlqud  k  tous  las  participants 
avac*  al  poaalbla*  laa  valours  chiffrdes  qul  dol- 
vant  dtra  tanuaa*  Catta  orlantation  initlala  eat 
ndcaaaalra  car,  dans  daa  esaale  oO  de  nosbrauaea 
dqulpoa  collaborant  sur  das  Intarvallea  de  teapa 
qul  pauvant  couvrir  daa  oola  at  daa  anndaa*  I'ob- 
jactlf  doit  dtra  dgalaaant  parqu  par  tous*  La 
rduaalta  ddpand  d'una  ddflnltlon  axpllcite  de 
I'objactlf  pula  d'una  bonne  coopdratlon  de  toutaa 
lea  dqulpaa*  L'una  dee  conedquancas  da  catta  faqon 
da  proeddar  eat  qu'll  faut  accepter  d'dcartar  las 
■aauraa  coispldoaatalraa  doot  la  rdallaatlon  pour- 
rait  coaprooettra  I'obtantlon  du  rdaultat  prin¬ 
cipal* 

^•2.2  -  Moqoatfo 


Las  figures  8*  9  at  10  prdsentent  dea 
oaquattae  caractdrlatlquaa  pour  SIHA.  II  s'aglt  de 


Fig.  8  -  SIMA.  A310  aur  dard  droit 


Fig.  9  -  SIMA.  a310  aur  dard  an  laaa  da  aabra 


Pig.  10  -  SIMA.  A310  sur  dard  ddrlve 


naquactes  de  I'A  310  au  1/14  de  1 'AEROSPATIALE 
(figures  8  at  9)  at  au  1/9*5  de  MSB  (figure  10). 
Ces  dchellea  peroettene  une  bonne  reprdsentation 
de  la  gdoadtrie  de  1 'avion*  y  conprls  des  ddtalls 
qu'll  eeralt  difficile  de  raproduire  sur  des  ms- 
quettes  plus  petltes*  Une  naquetta  de  I'A  310  au 
1/38  utlllsde  d  S2MA  a  aussl  dtd  essayde  i  SIMA 
dans  le  but  de  ddflnir  les  effets  de  parols  k 
S2MA  *  ce  point  sera  abordd  au  chapltre  2. 

L 'AEROSPATIALE  et  MBB*  en  accord  avec 
I'ONERA,  portent  une  grande  attention  d  la  concep¬ 
tion  et  la  rdallsatlon  des  oaquettes  pour  obtenlr 
que  leur  gdoadtrie  solt  blen  ddflnle  et  fiddle 
dans  les  conditions  de  I'essal.  Les  prdcautlons 
prises  sont  trds  nosbreuses  et  on  en  donnera  Id 
quelques  exeuples.  Les  aaquettes  sont  d'abord  cal- 
culdes  pour  que*  sous  les  charges  en  essal*  leur 
forae  solt  celle  de  I'avlon  dans  les  conditions  d 
slatuler.  Un  contrSle  expdrloental  de  la  flexion  du 
bord  de  fulte  et  de  la  torsion  du  bout  d'alle  a 
dtd  effectud  d  I'occaalon  d'essals  exploratoires 
(voir  le  paragraphe  1.2.13).  Lea  dldaenta  qul  les 
coaposent  sont  robustes  et  en  noabre  aussl  rddult 
que  possible  pour  Halter  les  causes  d'lncertitude 
BUT  les  foraes.  Une  bonne  solution  est  d'avolr  un 
caisson  central  d  la  forae  du  fuselage*  fix!  di- 
recteaent  aur  la  bal  mce  et  recevant  la  voHure* 
lea  pointes  avant  et  arrldre  (figure  11).  Lea 
llaiaona  adcanlquea  sont  solgndes  pour  assurer  une 
bonne  rlgldltd  et  une  bonne  fiddlitd  lora  des  aon- 
tagea  et  ddaontagea  aucceaalfa*  Lea  raccordeaenta 
entre  dldaenta  qul  affectent  la  surface  aouHlde 
aont  rdallsda  de  prdfdrence  dans  dea  zones  de  gdo- 
adtrie  si^^le  pour  faclllter  lea  rdallaatlona  et 
lea  contrBlea*  Lea  dldaenta  de  la  aaquette  aont 
asseablda  avec  dea  joints  ou  dea  produlta  aaaurant 
I'dtanchdltd  des  liaisons  de  faqon  d  dllalner  lea 
dcouleaents  parasites.  En  cours  d'essai*  lea  expd- 
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rlMntAtcura  a'AfforcAot  dc  a't^lQfer  qua  d«t 
chodM  eohiraaCaa  «▼•€  laa  prieautlotta  ialtlalaa* 
Laa  gdoaitrlaa  rialladaa  I  la  ptta  i  aodalar  ac 
laa  itanchdltda  par  rubana  adhtalfa  na  pauvant 
<tra  ai^lojdaa  daaa  daa  aaaaia  od  la  fiddlltd  daa 
foraaa  at  daa  (coulaaaata  aat  aaaaatialla* 

STRUCTURE  OE  LA  MAOUETTE 


CMfoa0«« 


1.2.3  - 

La  flgura  12  prdaantc  trola  types  de 
aontaga  utlliada  3  S1MA<  La  aaquette  da  I'A  310  au 

SI  .  MOKTAGES 


< — 

OARO  DERIVE 

Fig.  12 

1/14  da  I'AESOSPATIALE  a  M  aontda  aur  un  dard 
droit  (figure  8)  at  aur  uo  dard  ao  laae  da  aabre 
(flgura  9)  au  coura  d*uaa  aCae  caapagoa.  La  aonta- 
ga  aur  dard  droit  coaportalt  uoa  balance  intaroe 
da  graoda  aanalbllltd  an  tralnda  aala  dont  la  ca- 
paclti  an  portanca  dtalt  llaltda*  aontage  apCcla** 
laaant  cholal  pour  donnar  uoa  bonne  prdclalon  ao 
tralnda  3  la  crolalira.  La  dauxidaa  aontage  aeao^ 
clait  uo  dard  aabre  at  uoa  balance  Interne  da  for¬ 
te  capacltd  pour  peraettra  dee  aaaala  au  traable- 
aant.  Ca  dcjbla  aontage  delta  da  aouaettra  uoa  ba- 
lanca  tr3a  aanalbla  an  tratole  aux  chargee  dynaal- 
quaa  Indultaa  par  la  traobleaent  qui  riaquaralaot 
da  la  ddtiriorar*  Cat  axa^le  llluatra  une  eolontl 
eoMRiaa  3  I'AUOSFATIAU  at  3  I'OVBKA  de  cbolalr 
laa  aontagaa  qui  donnent  lea  aailleuraa  garaotlea 
da  rduaalta  ^oa  laa  doaaloae  oO  ila  eeroet  air 
ployla.  La  figure  10  donoe  un  autre  axaapla  da 
aontaga  cholal  pour  garaatlr  la  bonne  qoalicd  daa 
■aauraa  da  traloie.  La  aaquetta  NBB  aat  taoua  par 
un  dard  doraal  dost  la  laae  praod  la  place  da  la 
ddrive  da  I'avloo*  La  dard  pd^trc  daoa  uoa  partle 
do  fuaalage  od  laa  praaaiooa  earleot  pau,  ca  qul 
alnlalaa  lea  Intaractlooa*  Lao  Intaractlooa  rdal- 
duallaa  oot  pau  d'influance  aur  la  force  axlala 
pulaque  laur  projection  aur  l*axa  eat  aanalbleaant 
nulla  at  caa  affeta  aont  encore  rddulte  par  un 


dlapoaltlf  d'dtancbiltd  antra  U  lane  at  la  fuae- 
laga.  Enfln  la  dard  lui-oioa,  pled  au-daaeue  da 
la  oaquatta,  parturba  oolna  la  cheap  dc  praeelon 
da  la  polnta  arrllra.  C#  aontaga  a  donnd  eatlefac- 
tlon  3  SIMA  at  un  dlapoaltlf  analogue  a  dtd  rdall- 
ad  pour  la  aoufflarla  S2MA  at  a  dtd  ole  an  oeuvre 
au  ddbut  1987  au  coure  d'aaeala  pour 
1*AEK08PAT1ALE. 

1.2.4  -  UMnoo 


La  rduaalta  daa  aaaale  ddpand  forteoant 
da  la  quailed  daa  balancaa*  Laa  aaaale  de  neaurae 
prdcleae  da  la  tralnda  bdndflclant  dae  progrde 
rdallada  dana  ca  dooalne  par  laa  apdclallataa  de 
la  dynaooadtrla  au  aaln  da  la  Direction  dee  Grande 
Moyena  d'Baaala  de  I'ONERA.  L3  auaal*  on  ne  peut 
donner  qua  qualquaa  axanplaa.  Tout  lea  ponta  de 
Jauga  daa  balancaa  aont  coopanada  tharalquaaant  an 
tdro  at  aanalbllltd  at  la  balance  dana  son  enaao- 
bla  aat  conqua  at  dqulpda  pour  nlnloiaar  laa  ef¬ 
fete  daa  gradlanta  themlquea.  Laa  effete  tharoo- 
nicanlquaa  rdalduela  aont  prla  an  cooq>ta  an  dqul- 
pant  laa  laoaa  de  ddcouplaga  antra  parties  paada 
at  non  paada  da  la  balance  da  posts  da  jaugaa  qui 
oaaurant  lea  efforts  intamaa  at  dont  laa  algnaux 
aont  traltda  par  la  natrlce  da  la  balance.  L'cn- 
aaobla  da  caa  dlapoaltlfs  esc  dprouvd  at  ajuatd 
lora  daa  taragea  qui  coaportant  una  aioulatlon 
auaal  procha  qua  poaalbla  daa  conditions  tharnl- 
quas  qul  earont  rancontrdee  ao  aeaal.  Cae  prdeeu- 
tlone  eont  tndlepaneeblae  3  SIMA  coooa  on  la 
varre  plus  loln»  lae  eeaale  eont  effaetude  3  dae 
taopdreturee  pouvant  allcr  Juaqu*3  60*C.  Laa  tara- 
gae  sous  efforts  aont  effectuda  aur  un  banc  dont 
las  srandes  dlaanslene,  la  structure  rfglda  at  las 
dqulpcMnta  da  oaaura  donnent  da  tr3a  boonaa  con¬ 
ditions  d'dtalonnaga*  Lae  oetrlcae  d'dtelonnaga 
prannent  an  coopts  toutaa  lea  Intaractlona  an  for¬ 
ce  et  oooent*  Itndairee  et  cerrdea*  Enfln,  dana  la 
oeeura  du  poaalbla,  lee  balencee  aont  rdeliedae  en 
double  pour  que,  en  cee  de  ddfelllence  de  I'una 
d*ellee,  11  eolt  possible  dc  continuer  I'eseel 
avee  Is  balance  Juaelle*  II  eat  iaportant  de  eou- 
llgner  que  la  balance,  qul  Joua  un  r81a  aaeantial, 
na  peut  pan  Itra  contrdlda  eur  la  site  en  coure 
d'axpdrieoca,  du  oolna  avec  la  niveau  de  qualltd 
requia.  La  valldltd  daa  rdeultata  ddpand  done  for- 
teoent  de  la  qualltd  dae  rdelleetlone  et  dee  tere- 
gae.  Bn  coure  d’eaesl  Ic  bon  fonctionnaoent  da  In 
balance  eat  rdgulllreaent  vdrifld  en  e'eeeurant 
qu'evnnt  at  eprde  cheque  rotation,  dsns  daa  condi¬ 
tions  Idantlquae,  le  balenca  foumlt  blen  lee  od- 
•ae  algnaux  (voir  I*2.6)*  Le  contrOla  da  eon  bon 
fonctionnaoent  eat  euesl  vdrifld  an  affactuant  pd- 
rlodlqueaent  la  otoe  axpdrlcnca  (polalras  de  ra- 
coupaaant)  at  ao  contrdlant  l*hooogdndltd  dae 
rdeultate* 

1.2.5  -  l^Jooco 

l.a  oeeura  daa  efforta  aet  effectuda  avec 
una  balance  Interna  llda  3  la  oaquatta,  done  dene 
eon  eyetloa  d'axae,  at  la  tralnda  aet  ddflnle  dans 
lee  exes  lids  3  le  direction  du  vent*  La  change- 
oeot  de  trl3dre  dolt  itra  effactud  avec  uoa  prdcl- 
alon  cohdrenta  avec  la  prdclelon  charebda*  Pour 
une  prdclelon  roqulea  de  l.L0~*  eur  le  coeffi¬ 
cient  de  tretnde  et  un  coefficient  de  portance  de 
0,4  3  le  croialdre,  la  prdclelon  eur  I'lncldcnce 
dolt  dtre  oelllcurc  que  1,4  cantldoe  de  degrd,  en 
euppoeeat  toutee  lee  eutree  erreure  oitllee.  C'eet 
une  prdclelon  difficile  3  obtenlr  et  3  tenlr  eu 
coure  d'eeeele  trie  longe*  Une  el^llflcetloii  ed- 
olee  eet  de  conelddrer  que  lee  oeeuree  cffectudee 
eont  eoiparetlvoo  et  que,  pourvu  qnc  I'aecendence 
de  velne  ne  verie  pee,  la  oeeura  dc  I'eeelettc  de 
la  oequecte  tuff It  3  qualifier  1 'Incidence.  L'ex- 
pdrlence  Juetifle  cette  hypotbise.  Male,  dene  lee 
cee  od  la  eonnaleaance  de  I'incldcoce  elle*-o8oe 
eat  ndceaaalre,  11  faut  affectuer  dea  oeaurea  da 
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l'Me«ad8nc«  d«  velae  ft  partir  dc  passes  d«  la  aa- 
quaeta  ft  I’androlt  at  ft  I'anvera. 


IkCSURESO'ASaETTE 


Fig.  13 

La  figure  13  prftaence  I'ftqulpaaenc  1d- 
tarna  d*una  aaquatta  avac  laa  dlffgrencs  dlspoal- 
tlfa  at  apparalla  da  aaeura  da  I'lncldeoce.  La 
prealar  das  dlaposltlfs  ast  una  surface  d'appul 
uslofta  dans  la  struccura  at  dastlcfte  ft  racevolr 
las  apparalls  d*ltaloanaga.  Catta  surface  peraet 
da  dftflalr  la  rftfftranca  horlsoocale  da  la  saquatta 
at  son  calaga  an  roulls.  Daux  nlvaaux  ft  bulla  da 
prftclsloa  soot  sssoclfts  ft  catta  surface  ;  uoe  fe- 
nfttra  trsaaparaota  aftoagia  dans  la  parol  da  la  aa- 
quatte  paraat  da  las  obsarvar  lots  das  arrftts  at 
da  s 'assurer  qua  la  aaquatta  ast  blao  plaqga  dans 
I'attltuda  sogulalra  pour  laqualla  las  nesuras  da 
rftfftraoce  dolvaot  fttra  effactufaa.  Uo  niveau  ft 
bulla  ft  sortie  ftlactrlqua  ast  utillsft  pour  rapftrar 
la  valaur  nulla  da  I'assletta  ft  I'arrftt  at  an 
cours  da  rotation.  La  resolution  da  ca  niveau  ast 
trfts  eiavea,  da  I'ordra  da  trols  dlxailllftBes  da 
dagrl.  La  rapftraga  da  I'asalatta  nulla  an  cours  de 
rotation  ast  utlllsl  pour  contrdlar  la  sftro  das 
captaurs  d'lncldanca.  Las  expftriMatataurs  pta* 
volant  d'utlllaar  uo  deuxlftoe  niveau  ftlectrlque 
caie  ft  una  asslatta  donofta  pour  verifier  an  cours 
d'essai  una  autre  incldanca  da  la  maquatte  at  sln- 
sl  contrdlar  la  aanslbllite  das  apparalls  de  aesu- 
re.  Enfln  la  Basura  de  I'lncldanca  alla^aeBa  ast 
sssurea  par  trols  captaurs  pendulalras  :  deux  In- 
cllnoisicras  Gab»  conqus  at  fabrlques  par  I'ONERA, 
at  un  IncllnoBfttra  Schaavltz.  Cas  apparalls  repft- 
rent  1 'angle  de  leur  axe  avec  la  direction  de  la 
pasantcur*  Dans  las  deux  cas,  une  Msselotte  ast 
suspandue  par  una  lane  qui  Ciechlt  lorsque  la  di¬ 
rection  da  la  pasantaur  n'est  pas  dans  son  plan* 
Dans  las  locllnoBfttras  Gab,  un  pont  de  jauga  flxft 
sur  la  laiN  Msure  las  contrslntes  Induites  par  la 
flexion*  L'lncllnoofttre  Schaavltz  utilise  un  dls- 
posltlf  d'assarvleeaaant  qui  agit  sur  la  position 
da  la  aasselotta  pour  qua  la  flexion  de  la  laoe 
rasta  nulla  at  c'est  I'lntansite  dans  la  circuit 
d'assarvissaaent  qui  ast  nasurea*  Las  deux  types 
da  captaurs  fournissant  das  tensions  dont  1*  as¬ 
slatta  ast  dftdulta  par  das  etalonnagas*  La  resolu¬ 
tion  de  cas  apparalls  ast  de  trols  allllftaes  de 
dagre  pour  laa  Inclinoafttras  Gab  at  uo  ■illlftae  de 
dagre  pour  I'lnclinoBfttra  Schaavltz.  L^equlpanaot 
da  catta  naquatta  n'ast  pas  axceptlonoal  at  11  ar¬ 
rive  qua  daa  naquattaa  conportaot  daa  captaurs  an- 
gulairas  suppieaaotalras  nls  ft  I'ftprauve  pour 
essayar  d'e^liorar  la  precision.  En  fsit,  I'ob- 
Jactlf  da  cat  equipaBant  trfta  coaplat  ast  da  dis¬ 
poser  da  redoodancas  dans  tout  la  doBslna  d'aaaal, 
lors  daa  aaaaia  at  daa  cootrdlaa  aana  vent. 

^  Bt  4bb 

Sbbw  4'iBcldeBea 


La  balaoct  at  la  ayatftBt  da  Baaura  de 
i*aaalatta  aont  contrSiea  tout  au  long  das  assals. 
Cheque  rotation  ast  preddea  d'une  "balada  sans 
vent",  variation  continue  da  I'lncldanca  ft  la  agBe 


vlteaac  qu'en  cours  d'essai  at  pendant  laqualla 
toutas  laa  Besures  d'sssletta  at  da  force  sont  af- 
factuftas.  Las  efforts  aerodynaBlquas  soot  calculfts 
coBBa  s'il  s'egissalt  d'un  essai,  Bsis,  si  la  ba¬ 
lance  at  las  captaurs  d 'asslatta  sont  corracteBeot 
regies,  cas  efforts  devralant  evidaBaant  fttra 
ttouvfts  ouls  dans  tout  le  doaalne*  Ce  rftsultac 
ideal  na  paut  fttra  obtanu  at  das  valeurs  rftsldual- 
les  apparaissent  qui  ont  pour  origins  la  resolu¬ 
tion  at  le  bruit  de  fond  das  apparalls  at  de  la 
chains  da  Besura*  II  ast  alors  neceaaalra  da  veri¬ 
fier  qua  caa  residue  na  depassant  pas  un  seull  fl- 
x£,  generalaBant  cholsi  pour  fttra  equivalent  ft  une 
Incertitude  an  Incidence  Inferlaure  au  centlftBe  de 
oagrft.  Ce  resultat  est  regullftraBant  obtanu  lore 
daa  eaaais. 

Lea  baladea  an  incidence  sont  auasl  utl- 
llaeas  pour  conparer  antra  elles  las  Besures  d' in¬ 
cidences  effactueas  par  las  IncllnoBfttres.  Les 
ecarts  antra  las  dlfferantas  aesutas  na  depassant 
pas  le  cenciftBe  da  dagre  an  general,  ce  qui  est 
satlsfalsant.  Da  tels  contrftles  soot  evldanment 
effactues  tout  au  long  de  I'essal  pendant  les  ro¬ 
tations  elles-aftBes.  Touts  anomalle  conduit  ft  ef- 
fectuer  des  contrdles  suppieaantalres  et,  si  nft- 
ceasalre,  ft  Interroapre  I'assal  pour  corrlger  les 
defauts*  Ces  contrftles  petBanents  sont  Indlspensa- 
bles  pour  garantlr  le  aftBe  niveau  de  quallte  sur 
un  intervalle  de  tenps  parfots  trfts  long,  de  plu- 
aieurs  aeaalnea,  voire  plusleurs  doIb  quand  11 
s'agit  de  caBpagoas  successlves.  Le  rSle  de  I'ex- 
perlnantateur  est  de  les  affectuar  systematlqua- 
Bent,  sans  defalllanca*  11  est  aldft  an  cala  par 
I'utlllsatlon  da  I'ordlnateur. 


1»2.7  -  lefereBCBB  Boiifflari» 

Lea  paraafttras  de  reference  de  la  souf- 
flerie,  noabra  de  Mach,  prasslon  et  tenperature 
d'arrftt,  prasslon  cinetlqua,  sont  systematiqueffient 
Besureas  avac  des  moyens  radondants.  La  conf lance 
dans  la  validltl  des  aesures  de  reference  est  ftta- 
blie  sur  una  cotzparaison  syst§aatique  des  dlffe- 
rentes  Besures* 

La  conaande  de  la  soufflerle  est  reall- 
see  par  un  autoaate  qui  rftgle  solt  le  noobre  de 
Mach,  solt  le  regloie  des  ventllateurs,  c'est-ft- 
dlre  la  puissance*  Get  autoaate  donne  dea  reglages 
trfts  repetltlfs  d'une  fois  sur  I'autre  et  cette 
propriete  est  utlllsee  par  lee  experlnentateurs 
pour  reallser  des  cycles  de  balayage  du  noabre  de 
Mach  fldftles  au  cours  des  rotations* 


1.2.8  •  ftcBvlBicloB  et  traltcBBat  dee 
Salee - - 


Les  assals  sont  affactues  an  variation 
continue  de  I 'Incidence  ft  noabre  de  Mach  donnft*  La 
Vitesse  de  variation  de  I'incldence  est  de  I'ordre 
de  0,2*/a,  sole  environ  40  s  pour  explorer  une  po- 
Isire  entre  -  3*  et  +  5*  d'lncldanca.  La  figure  U 
prftsente  des  polalras  brutes  Ce(Cx)  obtanues  aux 
noabras  da  Mach  noalnaux  0,70,  0,80  et  0,90  (le 
noabre  de  Mach  portft  sur  la  planche  est  celul  ae- 
surft  au  prealar  point  de  la  polalra).  Laa  courbes 
reprftsantativaa  aontrant  das  perturbations  an 
trafnfta  d'autant  plus  fortes  qua  la  noabre  de  Mach 
est  plus  ftlavft*  Cas  perturbations  ont  pour  orlglne 
assantlella  las  fluctuations  du  noabre  da  Mach 
pendant  le  ta^s  d'axploratlon  de  La  polslre. 
Ellas  ont  pour  orlgloas  sacondalras  les  fluctua¬ 
tions  d'lncldanca  llftas  aux  oscillations  da  la  aa- 
quatta  et  aux  fluctuatlona  poaalblea  de  I'aacan- 
danca  de  veine  alnsl  que  le  bruit  de  fond  de  la 
chetnc  de  aesura* 


ft 


Ducloa  de  1«  vlcesae*  c '«cC'd'*dlre  du  noabre  de 
Kach.  L'autoaace  de  rCglege  de  I«  eoufflerle  pour- 
ralt  Ctrc  utilise  pour  cootrer  cette  derive  et 
Mlntenlr  le  ooabre  de  Mach  constant*  sals  il  eat 
aloes  cooatati  qua  Ic  f onctlonneaent  de  cat  assar- 
vlsseaant  Indult  lui-adaa  das  fluctuations  du  noa* 
bra  da  Mach  qul  perturbant  las  {volutions  des 
coefficients  aSrodynaalques*  Las  exp^rlaentataurs 
ont  done  cholsl  d'utlllser  I'autoaate  pour  aalnce- 
nlr  constant  la  rCglaa  das  vantllateurs*  e'est-d- 
dlra  la  puissance  da  la  soufflarla*  pendant  I'axd- 
cutlon  d'una  polalra*  II  an  rdsulte  das  derives 
r^gulilras  du  noabre  da  Mach  pour  lasquelles  1* In¬ 
terpolation  na  pose  pas  da  probldae.  Las  polatres 
seront  plus  noabrausas  aux  noabres  da  Mach  volslns 
du  coude  da  crafnde*  pour  foumlr  plus  d'lnforaa- 
tions  dans  cette  sons*  Les  valeurs  des  noabres  de 
Mach  d  portance  nulle  sont  rdgldas  pour  Itre  tou- 
tea  las  adaas  au  cours  de  toutea  lea  rotations  de 
faqon  d  obtanlr  una  distribution  fiddle  ;  11  en 
rdsulte  aussi  la  posslbllltd  de  coaparer  directe- 
aent  las  rdaultats  bruts  Issus  de  dlffdrentea 
rotations* 

L*lntarpolatlon  appllqude  aux  donnSes 
obtenuea  dans  caa  conditions  donna  des  courbea  rd- 
gulldres  dont  la  figure  IS  prdsente  das  exeaplas* 

1.2.10  -  Bygroaitrla 

Le  ref roldisseaent  de  SIMA  est  asaurd 
par  un  {change  d'alr  avac  I'extdrleur  et  lee  rd- 
sulcata  peuvent  dtre  affeetds  par  la  teneur  en  eau 
de  l*atnosphdre  d'une  faqon  d'autanC  plus  Inpor- 
tante  que  les  phdnoisdnes  transsonlques  aont  plus 
incenses  et  que  la  naquette  eat  plua  grande*  La 
figure  16  prdsente  des  rdpartitlons  de  coefficient 
de  presalon  sur  le  profll  d'une  voilure  nesurdes 
trols  fols  dans  les  mdmes  conditions  adrodynanl- 
ques*  Les  cas  A  et  B  pour  lesquela  lea  teapdratu- 


L'expdrlence  aoncre  qu*il  eat  possible 
de  ddflnlr  lea  polalrea  d  un  noabre  de  Mach  donnd 
par  Interpolation  entre  toutea  les  donndes  dlspo- 
nibles*  C'est  la  odchode  gdndraleoent  eoployde  et 
qul  donne  les  aellleurs  rdsultats  pourvu  que  les 
conditions  sulvsntea  solent  rdunles  : 

-  les  coefficients  adrodynaalques  ne  ddpendent  que 
des  psraadcres  oeaurds,  noabre  de  Mach  et  inci¬ 
dence*  C'est  le  caa  dans  lea  esaala  d  SIMA  ; 

*■  lea  ooyena  de  «.«aure  donnent  dea  InfotsAtlons  en 
phaae*  c'eat-d-dlre  que  lea  valeurs  inatantandes 
de  toutea  les  grandeurs  Msurdes  aont  synchro- 
nes*  Cette  proprldtd  est  physlqueoent  vrale  dans 
la  aoufflerle  SIMA  car  les  fluctuations  sont  re- 
latlveoent  lentes*  Les  expdrloentateurs  dolvent 
ndanoolns  velller  d  rdgler  les  flltrages  pour 
que  le  dlspoaiclf  de  aeaure  n'altdre  paa  cette 
proprldtd  ; 

-  le  noabre  de  points  de  aeaure  dolt  dtre  auffl- 
aaaaeoC  dlcvd  et  leur  distribution  adaptde  au 
doBMlnc  de  Hach-lncldence  a  explorer*  Cee  condi¬ 
tions  condutaent  d  ajouter  des  noabres  de  Mach 
aux  prograosea  dea  esaala  :  par  exeople*  pour  un 
prograase  d'essai  coiq>ortant  onze  noabres  de 
Mach,  seise  seront  ef fectiveoent  rdaltada* 

^•2.9  -  roadylf  4m  •— ia 

Lea  esaala  aont  condutta  pour  fournlr  un 
dchantillon  de  oeaurea  blen  conatltud  en  vue  dea 
Ittterpolstlona*  11  faut  pour  cela  prendre  dea  prd- 
cautlona  expdrioentales  dont  ce  paragraphe  donne 
un  exeople* 

L'accrolaseoent  de  t'incidence  prodult 
une  augoeotation  de  la  tratndc  et  de  le  puiaaanc* 
absorbde  en  velne  et,  al  la  pultaancc  de  la  aouf- 
flerte  raate  constants,  11  en  rlaultere  une  dlal- 


HYGROd^TWE 


Till) 


Fig.  10 


res  gdndratrlces  (Tl)  et  les  teneurs  en  eau  sont 
trds  volslnes,  donnent  dea  rdpartitlons  de  pree- 
slon  presque  Identiques*  Dans  le  cas  C  od  la  te¬ 
neur  en  eau  est  plus  forte  et  la  teopdrature  gdnd- 
racrtce  plus  falble,  les  aesures  sont  effectudes 
dans  des  conditions  od  la  condensation  pourralc  se 
produlre  et  la  rdpar.ltlon  de  preaston  obtenue  eat 
necteoent  dtffdrente.  Four  dvlter  I'apparlcion  de 
cea  phdnooinea,  11  faut  rdunlr  dea  conditions  hy- 
grondtrlques  et  theralques  dans  la  velne  telles 
que  la  condensation  ne  pulsae  pas  ae  produlre* 
Coaoe  11  n'eat  pat  possible  d'aglr  aur  la  teneur 
en  eau,  SIMA  dtant  une  soufflerie  ataoaphdrlque, 
lea  expdrloentateurs  aglsaent  sur  la  teopdrature 
et  oalntlennent  lea  tnopdraturea  atatlquea  en  vel- 
rc  d  IS*  au-dessus  dea  teopdratures  de  roade  «n 
velne*  Cette  oarge  de  IS*  a  dtd  ajuekde  expdriaen- 
taleoeot  et  dolt  dtre  reapeetde  d'autant  plus 
strlcteoent  que  les  teneurs  en  eau  sont  plus 
dlevdes* 


UM  UM 


Fig.  15 


RESU-TATS  BRUTS 


Fig.  14 

HESU.TATS  WTERPOLES 
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Dana  lea  eaaala  i  SIMA,  lea  teapiracures 
extrtfaea  aont  de  ~  5  i  -f  60*C,  ce  qul  a  pour  con' 
aCquenca  de  placer  Coua  lea  inatruaeoca  de  aeaure 
dana  dea  condlciona  cheraiquea  dlff£reacea*  Lea 
teap^raturea  lea  plus  baaaea  aoot  relev£ea  eo  coq- 
dltlona  hlvenalea,  lora  dea  aeaurea  de  rff^rence 
avaat  eaaai  ec  lea  teop^raturea  lea  plua  SlevCea 
rCaultent  d'un  fooctioaoeaeoc  prolong^  d  forte 
pulaaance«  L'dchauf feaent  d  partir  dea  teapdratu' 
rea  lea  plua  baaaea  pourralt  produlre  une  ddrlve 
dea  algnauz  dea  capteura  at  dea  condltlona  theral- 
quea  d  la  aurface  de  la  aaquette  nuiaiblea  d  la 
quailed*  Pour  lialcer  cea  effeca  lea  eaaala  pro- 
preseot  dlta  aoot  ayaedsatlqueaent  prdeddda  d'une 
rocatloa  de  chauffe*  Toua  lea  capteura  aont  protd- 
gda  contra  lea  effeta  theraiquea  dana  la  aeaure  du 
poaalble,  aolt  par  leur  conception  alae  (balance), 
aolt  en  lea  ■oatant  dana  dea  encelntea  cherBoata** 
edea  (capteura  d*lnctdence)*  Lea  eaaala  aont  con- 
dulta  de  faqoa  d  aulvre  le  adne  cycle  theralque 
dana  lea  adtaea  ddlala*  La  figure  17  en  donne  I'll- 
luatratlon*  Elle  prdaente  I'dchauf  fentent  de  la 
aoufflerle  en  fonction  du  noBbre  de  Mach  pour  une 
ouverture  flxde  dea  entrdea  d'alr  de  la  aoufflerle 
ec  regroupe  aur  un  adae  graphlque  T1(M)  lea  cyclea 
theralquea  de  rotatlona  aucceaalvea* 


O'aucre  part,  lea  changeBenca  de  noBbre 
de  Mach  aont  rdallada  de  faqon  d  falre  verier  len- 
Ceaent  la  te^>drature  pour  qu'au  Boaent  de  la  ae- 
aure  la  oiaquette  aolt  en  dqulllbre  theralque  avec 
I'dcouleaeaC*  II  a  dtd  vdrlfld  expdrlBentaleaent 
que,  si  cetce  prdcautlon  n'est  paa  prise,  le  Cx  en 
eat  affeetd* 

1.2.13  -  SBBoir-fBlre 

Aux  adthodea  qui  vlennent  d'dtre  ddcrl- 
tea  a'ajoutent  un  grand  noabre  de  proeddda  qul  ne 
aoot  pas  ddtalllda  Icl  pour  Halter  I'expoad  et 
qul  couvrenc  lee  doaalnes  du  ddcleocheaent  et  du 
contrdle  de  la  transition,  la  vdrlflcatlon  de  la 
gdoadtrle  de  la  aaquette,  la  aeaure  dee  rdpartl- 
tiona  de  presalon  Internes,  lea  ddcectlons  dea 
contacts  accidentals  entre  parties  pesdea  et  non 
pesdea,  le  contr&le  quotldleo  dea  chalnes  de  aeau- 
re,  le  flltrage,  I'acqulaltlon  et  le  tralteaent 
dea  algnaux,  etc*  Pour  obtenlr  la  qualltd  voulue 
11  faut  que  toutea  cea  adthodea  solent  mlses  en 
oeuvre  en  paralldle,  avec  de  grandes  prdcautiona, 
pendant  toute  la  durde  dea  eaaala,  sans  ddfalllan- 
ce,  la  aolndre  inattention  produlaant  une  dialnu- 
tlon  de  la  qualltd.  La  rduaalte  ddpend  done  forte- 
aent  du  savoir-faire  dea  expdrlaentateure  chargds 
dea  eaaala  dans  lea  dqulpea  de  constnicteura  coaae 
dana  celles  de  I'ONERA. 


Fig.  17 

1.2.12  -  gTotteaaat 


La  dispersion  dea  noabrea  de  Reynolds  d 
noabre  da  Mach  donnl  provoqude  par  dea  varlatlona 
de  la  teopdrature  ou  de  la  preasion  gdndratrice 
Indult  dea  variations  du  Cx  de  frotteaent*  Lea 
graphlquea  en  baa  de  la  figure  18  donnent  lea  or- 
drea  de  grandeur  dea  variations  du  Cx  de  frotte¬ 
aent  pour  une  aaquette  de  I'Alrbua  au  1/9,5  en 
fonction  de  la  teopdrature  gdndratrice  (Tl)  et  de 
la  preasion  gdndratrice  (PI).  Lea  graphlquea,  dans 
la  partle  aupdrleure  de  la  figure  18,  prdaentent 
lea  polalres  avant  et  aprda  correction  de  frotte- 
oenc. 


coHREcnoNs  oe  muiTtMBir 

■  •9.M 


1.2.14  -  Mdthodsa  cc^ld— **•*<  rgg 

L 'aadlloratlon  de  la  prdclsloo  de  aeaure 
du  coefficient  de  tratnde  entrafne  la  ndceaaltd 
d'aadllorer  d'autrea  techniques  expdrlaentales.  On 
en  donnera  deux  exeaples  t 

1  -  La  gdoadtrle  dea  vollures  dolt  dtre  con- 
nue  avec  une  ordclsfon  cohdrente  avec  celle  dea 
rdaulcata  obtenua,  ce  qui  a  conduit  i  ddvelopper 
dea  adthodea  de  aeaurea  de  ddforaatlon  dea  aaquet- 
tes  sous  charge  en  court  d'eeaal.  La  figure  19  en 
prdaente  un  exeaq>le  tlrd  de  la  rdfdrence  4.  Une 

MESURE  DES  DEFORMATIONS 

1 1  utmiwitfuaB 


Pig.  19 

deal-aaquette  cat  aonede  au  plancher  d'une  velne 
d'essai  de  SIMA.  Lea  aeaurea  dea  ddforaaclona  por¬ 
tent  aur  la  torsion  du  bout  d'aile  et  la  flexion 
du  bord  de  fulte.  La  aeaure  de  la  torsion  eat  ef- 
fectude  par  un  toraloadtre  optlque*  Cet  apparell 
daet  un  falaceau  de  lualdre  polarlade,  dont  le 
plan  de  polarlaatlon  peut  dtre  rigid*  Ce  falaceau 
eat  polntd  aur  dea  clblea  allea-adaet  polartadea 
et  qul  rdf Idchlaacnt  une  lualdre  dont  I'lntenaltd 
ddpend  de  1 'angle  dea  plana  de  polarisation.  La 
lualdre  rdfldchle  eat  captde  par  le  torsloadtre 
qul  ajuste  son  plan  de  polarlaatlon  pour  que  la 
lualdre  rdfldchle  aolt  alnlaia*  La  aeaure  de  I'o- 
rlentatlon  du  plan  de  polarlaatlon  du  toraioaitre 
donne  done  I'orlentatlon  de  la  clblc  vlsde*  Dana 
cette  expdrieoce  deux  clblea  aont  flxdea,  I'une 
aur  le  fuselage,  et  I'autre  en  bout  d'elle*  Le 


Fig.  18 
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torsloaitr«»  aooti  cur  ua  support  aotorlsC*  sst 
succosslusMot  polBCi  sut  los  dous»  d'sbord  d 
I'srrdtt  puis  dsns  Iss  conditions  sirodynsalquss 
od  Is-assurs  dolt  ttrs  nffsetuds  st  l*snploltstlon 
do  css  nssurss  foumit  in  ddfonstloo  sn  torsion 
du  bout  d'slls*  Fsr  slllnurs»  dss  nlrss  de  rifd** 
rsnce  finiss  sur  on  support  su  plsncbsr  st  dss  nl- 
rss  su  bout  d'slls  sont  pbotogrsphldcs  psr  un  sp~ 
psrsll  plsfid  su  plsfond  st  psrasttsnt  d'sffsctusr 
UBS  stttrs  assurs  ds  Is  torslMi* 

Ls  ddfomstlott  SB  fission  du  bord  ds 
fults  ds  I'slls  sst  dd^lts  ds  photogrspblss  ds 
nlrss  de  rffdrsncs  st  ds  nlrss  flxdss  sur  Is  bord 
ds  fults  psr  un  sppsrsll  d  I'svsl  de  Is  nsqustts* 

L'snssnbls  ds  css  nssurss  sst  utlllsd 
pour  vdrlflsr  Is  vslldltd  dss  ddfomstlons  sous 
ehsrgs  cslculdss- 

2  -  Uns  eonnslsssncs  prdciss  dss  pstltss 
dlffdrsncss  ds  trsinds  sncrs  dss  conf Igurstions  s 
rsndu  ndcsssslrs  ds  rsndre  plus  prdcls  les  relevds 
dss  distributions  ds  prssslon  sur  Iss  vollurss 
qul»  pour  Itrs  co^>srstlfs»  dolvsnt  itre  sffsetuds 
sxsctsnsnt  dsns  Iss  ninss  conditions.  Pour  csls» 
Iss  coaautstsurs  ds  prssslon  nicnnlquss  ont  dtd 
rsaplncds  psr  dss  cowmtstsurs  ds  prssslon  disc- 
tronlquss  PSl,  qul  psmettsnt  ds  fslrs  dss  nssurss 
qusslasot  synchronss  sur  toutss  Iss  prlsss  ds 
prssslon,  st  Is  prdldvsnsr.  sst  rdsllsd  lorsqus  Is 
nonbrs  ds  Hsch  dlffdrs  du  nonbrs  de  Hsch  nonlnsl 
ds  nolns  ds  0,001.  Lea  connutstsurs  soot  d'sbord 
prdpsrds  pour  sffsctusr  uns  nssurs.  Ls  nonbrs  ds 
Hsch  sst  prdlsvd  uns  fols  psr  seconds  sc,  psr 
sxsnpls,  pour  un  rslsvd  i  Hsch  0,600,  lorsqus  ss 
vslsur  sst  conprlss  entre  0,799  st  0,801,  dix  prd^ 
Idvsnsnts  succssslfs  soot  sffsctuds  so  0,?^  sscon* 
ds.  Lss  rdpsrtitlons  ds  prssslon  relsvdss  psr  cs 
procddd  doonsne  dss  distributions  rensrqusblsnsnt 
fiddles  d'un  prdldvensnt  d  I'sutre,  cs  qul  pemec 
lss  conpsrslsons  sotrs  conf igurstions. 


1«3  -  Knulf  f  eorrl|gs 

Lss  corrections  spportdss  sux  rdsulcscs 
bruts  concsmsnt  ssssntlsllenent  Is  prise  en  conp-^ 
Cs  des  chsnps  ds  presstoo  de  Is  velne,  les  effets 
ds  psrols  eC  ds  support. 

1.3.1  -  Chnnp  ds  in  ssins 

Ls  cheap  de  Is  veins  esc  aesurd  par  une 
sonde  qul  donns  Is  rdpsrtlclon  de  prssslon  scad'- 
que  sur  I'sxe  de  la  soufflerle  pour  un  nonbrs  de 
Hsch  affichd  6  la  prise  de  rdfdrencs  (figure  21). 
Css  repartitions  sent  utlllsees  pour  ddflnlr  deux 
corrections  : 

•“  une  correction  de  nonbrs  de  Mach,  pour  tenlr 
coapte  de  I'dcart  entre  assures  effectudes  d  la 
prise  de  rdfdrence  ec  au  point  de  rdfdrence  de 
la  aaquette  ; 

-  uns  correction  de  tratnde  Ills  au  fait  que  la 
presslon  statlque  le  long  de  I'axe  de  la  velne 
n'est  pas  parfaltenent  unlforae.  Ls  variation  de 
la  presslon  statlqus  Indult  sur  cheque  dldaent 
de  voluae  de  Is  naquette  une  poussle  localeaent 
asslallable  I  une  poussde  d'Archinide,  e'est-d'- 
dlre  proportlonnelle  au  voluae  aouilld  et  su 
gcadlsnt  de  presslon  Is  long  ds  l*sxs.  La  soane 
de  ces  poussles  dldneotalres  esc  calculde  d  par* 
tlr  de  la  distribution  des  voluaes  de  Is  asquec- 
te  ou  loi  des  sires  et  de  la  rdpartldon  des 
presslods  relevdes.  La  correction  de  Cx  d  ajou- 
ter  aux  coefficients  de  erstnde  bruts  pour  obte*- 
nlr  les  rdsultats  corrlgds,  est  de  I'ordre  de 
*  .  10"*. 


1.3«2  Iffta  4n  nnrnta 

Les  effets  de  parol  sont  dvsluds  psr  un 
calcul  ajustd  en  fonctlon  ite  relevds  expdrlnen- 
taux.  La  aaquette  et  son  cheap  •ont  reprdssntds 
par  les  slngularlcds  de  I'lncoapresslble,  avec  une 
extension  pour  tenlr  conpts  de  la  coapresslbllltd 
(rdfdrence  5)  :  10  d  20  doublets  pour  reprdsenter 
le  voluae  de  Is  aaquette,  une  source  dont  I'lnteo- 
slti  depend  de  la  tretnde  pour  le  slllege,  5  nap¬ 
pes  tourblllonnaires  pour  la  portance.  Leo  tour- 
billons  peuvent  dtre  estates  pour  tenlr  coapte  ds 
Is  fldche  de  la  voilure  et  ds  la  repartition  de 
portance  en  envergurs. 

Lee  parols  sont  prises  en  coapte  par  uns 
aethods  asslallable  d  cslles  des  lasges  eteodus 
pour  tenlr  coapte  ds  la  porosltd  des  parols.  Cette 
poroslte,  supposes  unlforae,  entre  dans  le  calcul 
par  un  coefficient  qul  lie  les  vltesses  de  traver¬ 
ses  de  la  parol  sux  perturbstions  de  presslon  lo¬ 
cales,  coefficient  qul  ne  peut  Itre  actuelleaent 
detsraine  qu'd  partlr  d'cxperlences.  Une  aiae  ee¬ 
rie  d'essals  est  d'sbord  effectuee  en  velne  habl- 
tuelle,  avec  quaere  fentes  ouvertes  (1,  7,  3,  4 
sur  la  figure  22),  puls  dans  la  adae  veins  rendue 
artlflclelleaent  dtanche,  c'est-d-dlre  de  poroslte 
nulls  (fences  feraees).  Le  coefficient  de  poroslte 
de  la  veins  est  ajustd  pour  que  les  resultats  cor- 
rlges  issue  de  ces  deux  easels  solent  les  adaes. 
Une  experience  est  egaleaent  effectude  avec  huit 
fences  ouvertes. 

EFFETS  DE  PARdS 


Fig.  20 

La  figure  20  prdsente  la  coapsralson  de 
aesures  globales  (pesdes)  et  locales  (position  du 
choc  d'extrados  tlrie  de  presslons  parldtales) 
pour  une  aaquette  de  1 'AEROSPATIALE  dont  I'enver- 
gure  et  la  longueur  sont  proches  de  3  adtres.  On 
peut  constater  que,  pour  ce  cas  d'essai,  la  veine 
A  quatre  fentes  longltudinales  est  pratlqueaent 
exempts  de  corrections. 

I -  Kffetn  dn  napports 

Les  supports  produlsent  des  effets  lo- 
caux  trds  laportants  dans  la  zone  oO  le  support 
pindtre  dans  la  aaquette.  Ces  effets  ne  sont  pas 
accesslbles  au  calcul  et  n'ont  pas  dtA  dvalues  ex- 
pdrlnentaleaent  d  SIMA.  Les  expdrlaentateurs  es- 
sayent  done  de  les  alnlalser  lore  du  cholx  des 
montages.  Ces*:  la  raison  pour  laquelle  en  parti- 
culler,  les  dards  ddrlves  ont  Acd  ddveloppes. 

Les  effets  des  supports  asslailables  I 
des  effets  en  cheap  lolntaln  sont  dvaluds  par  le 
calcul  i  partlr  de  representations  par  des  slngu- 
larltes,  coaae  pour  les  effets  de  parols  (referen¬ 
ces  5  et  6).  Ces  calculs  donnent  des  corrections 
de  noabre  de  Mach,  de  trainee  et  d'ascendancs  de 
I'Acouleaent. 


S2  -  RECOUPEMB^S  BORE  ROTATIONS 


nsAii  A  ^atk 


L«  «duffi«rl«  S2KA  *«c  ua*  aoufflarle 
eontlnua  praaeurltia,  <qulp4«  d'une  v«ln*  transso- 
alque  da  I|77  ■  dc  haut  aur  1,7S  •  da  larga»  i 
aoabra  da  Mach  trarlabla  da  0,2  d  1»3  ac  d*una  vai** 
aa  auparaonlqua  dc  1»93  a  da  haut  aur  I»75  a  da 
large,  d  Qoabra  da  Mach  variable  da  l,S  d  3,1,  d 
paroia  vartlealaa  plclnaa,  plafoad  at  planchar 
parforda  d  poroaitd  rdglabla* 

2.1  -  riddutd  d  saiA 


ECART  TYPE  :  OMO'* 
lifbuiin—i-— I 


ECART  TYPE:  03.10^ 


ECART  TYPE  :  a004 


Oaa  aaaaia  d'una  aaquatta  da  l*Alrbua 
A310  au  1/38  oat  dtd  cffactuds  d  S^fA  an  plualaura 
caopagaaa  pour  aattra  au  point  lea  adthodaa 
donoant  la  prdclaioo  raqulaa*  Caa  aasala  ayant 
donnd  aatlafactlon,  un  aaaai  Induatrlal  a  dtd 
affactud  au  ddbut  1987  aur  1*A310  au  1/36  at  une 
nouvalle  aaquatta  da  1* AEROSPATIALE.  Ce  aont  lea 
rdaultata  laaua  da  cat  aaaai  qul  aont  prdaentda 
Icl. 

La  figure  21  prdaante  daa  recoupananta 
au  aaln  d’una  rotation,  la  figure  22  daa  racoupe- 
nenta  au  acin  d'una  caapagna  at  la  figure  23  daa 
recoupaaenta  antra  caapagnaa  avec  ddnontage  da  la 
aaquacte  antra  lea  caoipagaea*  Le  nonbre  de  Mach 
eat  0,80  dana  toua  lea  caa*  Lea  dlaparalona  an  Cx, 
CA  at  Incidence  aont  polntdea  (abaclaae)  an  fonc* 
elon  da  la  portance  (ordoonda)*  Las  courbea  raprd** 
aantent  la  dlaperalon  pat  rapport  d  la  aoyenne  da 
toua  lea  rdaultata  coaq>arda« 


S2  -  RECOUPBCNTS  DANS  UNE  ROTATION 


La  figure  22  prdaante  daa  racoupenanca 
antra  trola  rotatiooa  d'una  adae  caapagne.  Las 
dcarta  an  Cx  par  ri^port  d  la  aoyenne  aont  toua 
infdrlaura  d  1.10*~^>  La  coaparalaon  das  figu¬ 
res  21  at  22  fait  apparaltra  una  dlaperalon  plus 
falbla  aur  trola  polalras  dans  trola  rotations 
diffdrantas  qua  aur  nauf  polatraa  dana  una  ndve 
rotation*  Las  dlffdrencaa  da  dlaperalon  ne  san- 
blant  done  lldaa  qu'd  la  tallla  da  I'dchantlllon, 
ce  qul  Indlque  une  bonne  atabllltd  daa  noyena  da 
naaura  d'una  rotation  d  I'autre. 

82  -  RECXAjPBG^  BOTRE  CAMPAGfCS 


eCARTTYPE  aeW*  ecart  type  :  07  t 


ECART  TYPE  :  0004 ' 


GCAfrrTYPE:O.AlO** 


ECART  TYPE:  04- 10-4  ECART  TYPE  :  000$  > 
l^“l - 1 - 1  i%-I - 1 - 1 


Au  coura  d'una  sfae  rotation,  dea  grou- 
pas  de  trola  polalrea  aucceaalvea  aont  effectuda 
au  noabre  de  Mach  0,80  en  ddbut,  au  nllleu  et  en 
fin  de  rotation,  solt  neuf  polalrea  au  total.  Lea 
rdaultata  de  cheque  p^lalre  soot  ddfinla  par  In¬ 
terpolation  lindairc  aur  le  noobre  de  Mach  et  la 
portance.  La  grapblqua,  d  gauche  aur  la  figure  21 
prdaenta  la  dlaperalon  en  tratnde.  98  Z  dea  oaau- 
rea  aont  dana  un  Intcrealle  de  *  1.10~^  et 
I'Icart  type  dea  dltperelooa  eat  Si  0,4.10'*. 
La  dlaperalon  en  Incidence  eat  quallfide  par  un 
dcart  type  dc  I'ordra  da  0,5  cantldaa  da  degrd. 
L'enaeoble  daa  dlaparalona  prdaenta  un  caraetdre 
aldatolra  qul  Indlqua  qua  la  ayatdoa  de  oaaure  eat 
utlllad  I  aa  llaltc  dc  rdaolution. 


La  figure  23  prdaenta  daa  recoupenenta 
entre  trola  caopagnaa  avec  ddoontage  et  reoontage 
de  la  oaquette  entre  cenpagnea.  Lea  plus  grands 
dcarta  entralods  attelgsant  1,5.10~*  et  87  Z 
dea  dcarta  aont  Infdrleura  d  1.10'^.  Les 
dcarta  conatatda  peuvent  avoir  pour  orlgine  de  pe- 
tita  ddfauta  gdoodtrlquea  lids  aux  ddoontagee  et 
reoontagea  aucceaalfs. 

L'enaeoble  de  cea  rdaultata  eat  conaldd- 
rd  coaae  aatlafalaant  pour  lea  esaala  d  rdallaer. 


Lea  odthodea  et  lea  ■oyena  utlllada  d 
S2MA  aont  de  olae  nature  qu'd  SIMA.  Mala  lea  aa- 
aala  d  S2MA  prdaentant  daa  particularltda  dont  on 
donnera  quelquea  axcoplaa. 


Lea  figures  24,  25  at  26  prdsentent  las 
■ontagaa  utlllada  d  S2MA  pour  lea  pasdaa  d'avlotia 
da  transport.  Cheque  aontaga  eat  a^loyd  pour  ga- 
rantir  la  qualltd  dana  un  dMalna  d'asaal  partieu- 
liar*  La  aontaga  aur  laae  da  aabra  eat  utlllad 
pour  lea  aaaaia  d'dtuda  du  traablaaant.  La  dard 
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drole  (figure  25)  coBUteftC  pour  lea  oaaats  d'dtude 
dee  porforMocoa  IbcIuboC  d««  aeauroa  oa  dlr«p«t«> 
L«  dard  dirlve  (lifuro  26),  utlllai  depula  le  d6~ 
but  1987«  eat  adaptd  aua  aaaurea  floea  dea  carac' 
tdrlaclquea  loagiCttdiealea*  Son  princlpe  at  aa 
tioaicrle  oat  6t6  cbolala  pour  ■tnlulaer  lea  In* 
teraetlooa  au  nteeau  de  la  partle  arrldre  da  la 
■aquecte  (volt  le  paragrapha  2«3*1). 


S2.  MONTAGES 


Fig*  25  '  S2IIA*  A310  au  1/38  aur  dard  droit 


Fig.  26  -  32HA.  A310  au  1/3B  aur  dard  dCrlva 


2«2«2  -  >ero>lt6  da>  aeroia 

lea  aaaala  aont  effectuda  dana  la  velna 
craoaaoQlque  doat  lea  parola  vertlcalea  aont  gul* 
ddea  at  doot  le  plaacher  at  le  plafond  aont  i  po* 
roalcf  rdglabla  (figure  27).  La  poroaltd  eat  rC'- 
gl4c  en  falaant  gllaaer  dee  plaquea  (tlrolra)  dont 
lea  perforat:^ocia  obtureot  dc  faqon  variable  lea 


parforatioaa  dea  parola*  Loraqua  lea  tlrolra  lala- 
aeat  aotldraaeoc  ouvarcea  lea  perforaclooa  (poal* 
tloaa  i  100  Z  d'ouverture)  la  poroaltd  dea  parola 
ddflnle  par  la  aurface  dea  orlflcea  rapportde  I 
calle  dea  quatre  parola  eat  de  6  X*  Lea  tlrolra 
entldreaunt  feruda  lalaaant  uoa  poroaltd  tdolduel- 
la  llde  i  I'laparfactlon  de  I'dtaachdltd  et  volal* 
ne  de  1»6  Z.  Toutaa  lea  poalttona  Interaddialrea 
peuvent  ftre  obtenuea*  Juaqu'au  ddbut  dea  anadea 
80  lea  eaaala  ont  dtd  effectuda  avec  lea  tlrolra 
ouverta  I  100  X*  L'analyae  dea  rdaultaca  obtanua 
■ootralt  dea  tnatabilitda  dea  coefflclenta  adrody- 
naalquea  qul  llnlcalent  lea  aadlloratlona  de  la 
prdclalon*  II  auralt  dtd  poaalble  d'dllulocr  cea 
fluctuatlona  par  uoa  augaeotatloo  da  la  tallla  dea 
dchantlllona  et  un  tralteaant  dea  donndea  appro** 
prldt  aala  catta  faqoo  da  proedder  ne  pouvalt  don* 
oar  aatlafactlon  qu'en  augnencant  forteaent  le 
ooubre  dea  prdldveuenta,  done  la  durde  dee  eaaala* 
11  a  dtd  prdfdrd  de  chercher  I'orlglne  dea  fluc- 
tuatlona  pouf  tenter  da  I'dllutner*  L*analyae  dea 
fdaultata  dliponlblea  uontralt  une  relation  entre 
poroaltd  de  la  velne  et  fluctuations  et  e'eat  dans 
ce  doualne  qua  lea  aapdrlaeatsteura  one  engsgd 
leur  action* 


Fig.  27 

Pea  aaaurea  en  pallara  stablllads  de 
pluaieura  slnutea  ont  dtd  effectuda  pour  dlffdren* 
tea  poroaltda  de  la  velne,  pendant  leaquels  lea 
fluctuatlona  dea  coefflclenta  adrodynanlquea  ont 
dtd  obaarvdea*  II  a  dtd  vdrlfld  qua  lea  fluctue* 
tlona  de  Cs  ne  ddpendalent,  en  prenldre  approolM* 
tlon,  qua  dea  fluctuations  de  l*lnctdence,  e’eat* 
|*dlre  de  I'aaceodance  de  velne,  I'aaalette  dtant 
conatante*  Le  graphlque  en  baa  i  droite  aur  la  fi¬ 
gure  29  prdaente  I'dvolutlon  de  I'dcart  eoycn  qua- 
dratlque  dea  fluctuations  d’aacendance  en  fonctlon 
de  la  poroaltd  au  nombre  de  Hach  0,78*  Get  dcart 
voyen  quadratique  ddcrolt  avec  la  poroaltd  dea  pa¬ 
rola  et  deviant  voisln  de  celul  Indult  par  le 
bruit  de  fond  du  dlapositlf  de  aeaure  pour  une  po¬ 
roaltd  de  2,8  X  correspondent  2  une  position  dea 
tlrolra  dlte  i  55  Z*  Lea  effeta  d'une  ferueture 
plus  coapldte  dee  tlrolra  oe  aont  paa  ddcelablee, 
lea  fluctuations  rdtiduellea  dtant  du  adee  ordre 
de  grandeur  ou  inferleurea  au  bruit  de  food  dea 
■eaurea.  L'enalyae  de  cea  fluctuations  aontre 
qu'ellea  ont  pour  orlglae  dea  variations  de  I'aa- 
ceodence  de  velne,  ellee-adaea  lodultea  per  dee 
inatebllltde  de  I'dcouleaent  dana  lea  perforations 
dea  parola*  Cea  probliaes  ne  aont  pea  partlcullera 
i  la  aoufflerie'  S2MA  et  ac  reocontrent  dans  d'au- 
trea  soufflerlea  coaparables* 

Lea  gradients  de  portaoce  tlrda  dea  ai- 
aet  eaaaia  aont  portda  aur  le  graphlque  en  haut  2 
droite*  L'enaeable  dea  rdaulteta  forae  uo  nuage 
(cone  hachurde)  dont  la  hauteur  earectdrlee  la 
dispersion  Indulte  par  lea  fluctuations  de  I'ee- 
cendance  de  velne*  La  diainution  de  la  poroaltd 
rddult  la  dispersion  et  eugaente  le  gredlent  de 
portence  aoyen*  Cette  augaentatlon  du  gradient  a 
pour  ortglne  lea  effeta  de  parola  qul  variant  avec 
la  feraeture  dea  tlrolra. 
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$ur  1«  Wm  d«  CM  i>b«*rv«cloM,  1* 
chotx  s'cst  porti  aur  la  aaloa  avac  laa  tlrolra  I 
55  Z  poar  laa  aaaala  od  daa  «aauraa  eoaparacivaa 
da  tralaia  dolvaat  <tra  affeetttdaa  avac  U  Mil- 
iMira  fiddlltC  poaalMa*  On  aarra  au  paragra¬ 
ph  2.3«2  ^ua  ca  rdglaga  of fra  auaat  daa  aaaotagaa 
an  Mtlira  da  eorracttoaa  da  parola. 

2*3  -  UMltatn  corriaia 

2*3*1  -  gfftn  4m  aunurt 

Laa  ctianpa  da  parctirbatloaa  llda  au  aup- 
port  ont  fait  I'ob^t  da  noabraux  travaux  Mnda  an 
accord  par  l'A£R0SP4TlALt  at  l*OMEaA.  La  figure  28 
an  donna  un  axaapla  ;  alia  prdaaota  laa  chanpa  da 
parturbatlona  an  deviation  varticala  at  eoaffl- 
clant  da  praaaion  du  dard  8  laM  da  aabra  da  S2MA. 
Dana  ca  caa*  I'lategration  daa  parturbatlona  da 
ptaaaion  aur  la  fuaalaga  donna  una  correction  du 
coafflclant  de  trafnla  jugde  trop  dlevde* 


CHAIwP  EXJ  OARD  SABRE 


S2  -  CHAMP  DU  DARD  oeWE 
CALCULS  AS/CALCUtS  ONERA 


Fig.  29 

L'AEROSPATIALE  at  l*nNE&A  ont  itudie 
conJolntaMnt  un  nouveau  dard  adaptd  d  S2MA  et 
Inaplrl  du  dard  ddrlva  de  SlNA.  U  figure  29  prl- 
o'.nta  un  CldMot  da  caa  dtudea.  La  cheap  de  per- 
turbatlona  du  c8ne  du  dard  dirlve  a  et€  calculd  an 
atnoaphira  Inflnia  par  1 'AEROSPATIALE  avec  une  nd- 
thoda  da  panneaux  at  par  I'OISRA  avac  una  ndthode 
da  alngularitCa.  L'accord  daa  deux  aidthodaa  eat 
•*ll«f«la«nC.  La  Mm  accord  eat  conatatd  pour  lea 
dCvlatlona  vartlcalea  da  I'dcoulaMnt  (non  prdaen- 
edaa  id). 


La  flgura  30  prdaaota  un  contrOla  axpd- 
i^lMatal  da  la  validlcd  daa  calcula  prdllnlnalraa* 
L'ONERA  a  calculd  la  cha^  da  perturbation  da 
praaaion  da  la  partla  coni^ua  du  dard  ddriva  an 
prdacnce  daa  parole  pcrforlaa  da  S2MA,  avac  laa 
tlrolra  rCglda  8  55  X.  La  calcul  a  ltd  affactud 
pour  plualaura  valaura  da  coafflclant  de  par- 
■dablllcd  dee  parole.  Una  axpdrlanca  rdalteda  par 


S2 .  CHAMP  OU  CARD  OBWE  . 
EXFEReCE/CALOJLS  (»CRA 


UM 


Pig.  30 

allleure  eet  prdsantde  au  paragrapha  aulvant,  con- 
dulaant  8  ratanlr  la  valaur  Q  ■  0,65  pour  lea  tl¬ 
rolra  8  55  Z*  La  cAne  du  dard  ddrive  a  dtd  rdallad 
et  aon  chanp  a  dtd  Maurd  dans  la  velne  de  S2HA« 
L'accord  entre  I'expdrtence  et  le  calcul  eat  tout 
8  fait  aatlafalaant.  II  vallde  le  calcul  et  la  va- 
leur  Q  -  0,65. 


Le  dard  ddrive  rdallad  8  la  suite  de  cea 
calcula  et  expdrlencea  eat  prdaentd  par  lea  figu¬ 
res  26  at  26. 

2.3»2  -  Kffata  8a  parole 

Laa  affata  da  parole  aont  calculde  8 
S2MA  salon  las  niMa  prlnclpaa  qu'8  51NA  et  leur 
validlti  ddpand  da  la  connaiaaance  da  la  paraSabl- 
litd  daa  parols.  Catta  panalabllltd  a  dtd  ddtarml- 
nda  8  S2HA  8  partlr  da  paadaa  an  valna  guldde  et 
an  velne  pa»dable»  Mia  auael  par  dee  peadaa  eon- 
paratlvee  da  la  Mm  Mquatta  dans  laa  aoufflarlea 
SIHA  at  S2MA.  La  flgura  31,  qul  prdaanta  laa  di- 
Mnalone  d'una  Mquatta  da  $2)^  at  daa  deux  eouf- 
flarlat)  Mt  an  d^danca  qua  laa  effete  da  parols 
dane  SIMA  pauvaot  ttra  eonelddrda  coane  trie  fal- 
bias  at  qua  laa  aeeale  dane  catta  eoufflarle  peu- 
veot  dtra  utlllede  comm  aeeeie  de  rdfdranca.  Les 
corractlona  da  parole  earont  ejuetdae  pour  qua  lee 
rdeultate  corrlgde  soient  ceux  obcenua  dans  SIMA. 

PESEE  D  UNE  MEME  MAQUET7E  A  SI  ET  S2 


«1W  M  I/M 


Fig.  31 

Cecce  mfthoie  cat  •atlafclaante  dans  aon 
princlpc,  .ala  aa  alae  an  oeuvre  pratique  eat  dif¬ 
ficile,  cat  lea  aaaala  dolvent  *Cre  condulta  avec 
la  .ellleura  prtclalon  poaaible  pour  na  pas  attrl- 
buer  aux  effete  de  parola  daa  dlfftrcncea  qul 
pourralent  avoir  une  autre  origlne  !  difference 
d' ascendance  da  velne  ou  de  cha^>a  da  preeaton  pa- 
Faaltaa  par  axaapla.  Lee  aaaurea  dolvent  gtre  ef“ 
fcctuiaa  avec  la  ataa  aaquette,  la  aCM  tranal- 
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tion,  1m  nombf  La  llgM  4a 

4ar4a  i  SJHA  dole  raatar  aaaoclf*  J  la 

■a^uatta  at  I'Maaabla  traaaporti  4*aaa  aaofflarta 

4  I'autra  aana  dteoataga,  avae  laa  alsaa  ca^taura 

4  I'latirlaur  4a  la  aa^uatta* 


rtg«  32  -  SOtt.  4310  at  1/38  aur  ^c4  Mt  4»  SM 


Cacta  a:q>4rlafica  a  4t4  rdaliada  da  fa^on 
aatlafaiaaata  an  1986.  La  aaquatta  da  1*4  310  au 
1/38  aoatia  aur  ud  dard  droit  4  sai4  (flgura  25)  a 
4tl  traaaportda  4  S1M4  (flgura  32).  laa  diffCran- 
caa  da  gioaficrla  da  aupport  4  S1M4  at  S2M4  ont  4t6 
prlaaa  an  coapta  par  daa  aiqidrlaacaa  (relavla  da 
chaapa  da  praarion)  at  das  calcula.  L'4£R0SPAT1ALE 
a  calculd  laa  parturbatlona  d'lncldanca  indultaa 
par  la  aupport  da  SIMA  (flgura  33)»  pour  daux  in* 
cldaooaa  da  la  Mquatta  :  >  2  at  *  2  dagrda.  Cat 
parturbatlona  aont  prlaaa  an  coapta  dana  l*aKplol- 
tatlott  daa  rlaultata,  an  partleullar  dana  la  44** 
taralnatlon  da  l*aacandaoca  da  val;.a  par  ratourna** 
BMnt  da  la  aaquatta. 

SI  .  CHAMP  DU  SUPPORT  .  CALCUL  . 


Pig,  33 

La  flgura  34  prdaanta  laa  gradlanta  da 
portanaa  obtanua  4  SIMA  at  4  S2MA  an  yalna  4  35  Z 
aux  noabraa  da  Kaynolda  da  SIMA  (If?  allllon)  at 
aux  noaibraa  da  Raynolda  uauala  da  S2MA  (3  all- 
Ilona).  La  graphlqua  da  drolta  aat  un  agrandlaaa- 
Mnt  qul  •ontra  laa  dcarta  an  Incldanca  da  caa 
trola  rdaultata  par  rapport  4  laur  acyaana  an 
fonetlon  da  la  portanca.  Laa  icarta  rialduala  dol- 
▼ant  8tra  attrlbuda  aux  rlaolutiona  da  aaaura* 

Dana  caa  coodltlona  at  poor  caa  aaquat- 
taa,  la  aalna  da  S2MA  aaac  tlrolra  4  55  Z  donna 
daa  gradlanta  da  portanca  pratlquanant  axaapta 
d'affata  da  parola.  Caa  rCaulcata  condulaant  4  ra- 
tanlr  una  aalaur  du  coafflclant  da  paralabllitC 
daa  parola  da  0,65,  yalaur  cobdranta  omc  laa  ob- 
aarvatlona  aur  la  ehaap  du  dard  ddrlva  prlaantiaa 
au  paragrapba  pricident. 
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Fig.  34 


Laa  rdaultata  aatlafalaanta  qul  vlannant 
d'itre  prdaantda  na  dolaant  paa  lalaaar  crolra  qua 
laa  probldiMa  da  aaaura  prdctaa  da  la  tralnia  daa 
avlona  da  tranaport  aont  conalddrda  cona  ddflnl- 
tlvanant  riaol'ia  au  Centra  da  Kodana-Avrlaux. 

Bn  aatldra  da  flddlltd,  4  c8t4  daa  per- 
factlonnanaota  apportia  aux  apparalla  at  aux  wi- 
thodaa  actuallaa,  11  faut  auaal  aattra  4  l*6prauve 
daa  aolutlona  nouvallaa*  On  an  donnara  un  axeaplt* 
Loraqua  laa  axpdrlaantataura  conatatant  daa  dlffd- 
rtncaa  antra  daa  riaultata  obtanua  dana  daa  condl- 
tlona  riputdaa  idantlquaa*  11  laur  faut  ddtanlnar 
l*orlgloa  daa  dlfflrancaa  at,  an  partleullar,  aa- 
▼olr  al  la  difaut  provlaot  du  dlapoaltlf  da  aaaura 
ou  d*una  Inflddlltd  daa  conditlona  alrodynanlquea. 
Laa  axplrlnantataura  aouhaltent  done  qua  la  na- 
quetta  alla-atna  aott  4qulp4a  da  noyena  da  aaaura 
paraettant  da  virlflar  la  flddlltS  daa  conditlona 
adrodynaalquaa  4  aon  nlvaau  :  prlaaa  da  praaalon 
aniaoaltrlquea  pour  donnar  un  noabra  da  Mach  da 
rdftrence  aur  la  aaquatta,  praaalona  la  long  du 
fuaalage  pour  la  contrOle  du  cheap  da  praaalon 
longitudinal,  preaalooa  dlf fSrentlellaa  da  bord 
d'attaqua  donnant  laa  Incidancaa  a4rodynaalquaa 
localaa. 


Dana  la  doaalne  daa  corractlona  da  pa¬ 
rola  at  da  aupport,  11  aat  g4n4raleaent  difficile 
d'apporter  la  praura  da  la  juataaaa  daa  corrac- 
ttona  affectuiaa.  Laa  aaaala  coaparatlfa  d*una  ■!- 
■a  aaquatta  dana  SIMA  at  52MA  ou  la  coaparalaon 
daa  cha^a  du  dard  d4rlvt  calculfia-  at  aaaurCa  aont 
daa  exaaplaa  da  aCthodaa  co^liaantalraa  qul  par- 
aettant  da  ySrlflar  la  valldlti  daa  corractlona. 

Laa  aalllauraa  prdcialooa  oa  aont  ancora 
obttnuaa  qu'an  pouaaant  toutaa  laa  althodaa  axp4- 
rlaaotalaa  au  alaux  da  laura  poaalblllt4a.  Laa 
coodltlona  4  rCunlr  pour  garantlr  la  quality  daa 
«aaala  aont  tr4a  noabraaaaa  at,  pour  riuaalr,  au- 
cuo  ditall  na  peut  ttra  n4gllg4.  La  aaintlan  du 
■alllaur  nlaaau  da  qualltC  na  paut  ttra  garantl 
qu'au  prlx  d*un  effort  d*attantloo  paraanant  at 
d*una  ttrolta  cooptratlon  ayac  laa  daModaurs 
d ’aaaala. 


Cast  an  oauvraat  dana  cat  aaprlt  qua  la 
conflanca  a  pu  ttra  acqulaa  an  la  poaalbllltt  da 
coaparar  daa  tratataa  4  I  point  pris  (I.IO*^ 
da  Cx),  alae  4  daa  Interyallaa  da  taapa  tlolgi^a. 
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U.  kicbal  and  B>  Froebol 

O^utaelM  Porachunga-  und  VmrftuelkMnsUli  f&r  Luft-  und  Rftua^rt  •.¥.  (DPVLR) 
Abtellung  TurbuisnsforaeJiung 
MaU*r-BrMlftu-Sir.  8 
D-IOOO  Berlin  18 

Federal  Republic  of  Gemany 


This  p«per  discuraM  the  ▼elocHy  unsieadinMa  in  Bts  test  ^actions  of  three  knr  speed  wind  tunnels. 
Large  differences  of  the  root- ■een-sgunre  velocitj  or  turbulence  levels  ere  observed  in  these  tunnels.  U 
is  shown  thet  thess  differences  can  be  explained  with  the  two  independent  contributions  to  the  velocity 
unstsadineas  In  a  wind  tunnel:  (1)  vorticity  which  is  convected  into  the  teat  section  froa  upstrean»  and  (ii) 
pressure  waves  which  have  aany  <M4gins  but  the  iaporiant  ones  for  low  speed  tunnels  are  the  ftwe  shear 
layers  of  open  test  sectiona  and  slotted  well  test  sections.  It  is  further  shown  that  the  turbulence  level  is 
not  suffieient  to  describe  the  effect  ci  velocity  unstesdinese  on  the  quality  of  data  ■eseured  in  s  wind 
tunnel  and  it  is  deaonstratsd  wiUi  Um  exaaple  of  boundary  layer  transition  that  the  distribution  oi  the 
fluctuating  energy  in  the  frequency  doaein  is  amre  iaportant. 


cross  sectional  sree  of  teat  eection 
fluctueting  preaeure  coefficient.  ^  P/((0/2)U*) 
equivalent  dimeter  of  test  section,  D*  =  4  A/n 
frequency 

Belaholts  m^er,  Be  »  f  0/e 

typical  nodal  diaenaion,  e.g.  wieg  span 

Madi  Dtaber,  N  =  0/a 

fluctuating  part  of  H 

ocatributica  of  volicity  to  M* 

caatrlbatioa  of  entropy  to  N* 

ocatributicn  of  preeeure  to  N* 

(static)  KvaetBure 
nuctusting  part  of  p 
mot  usan'  sqnars  valus  of  p* 
paak  value  for  tha  mplitude  of  p' 

Beyaelde  mwbsr,  Bs  «  0  0/v 
Strodbal  noaher*  St  *  f  D/0 

StrowdMil  mad>er  based  on  aodel  length  I,  St  =  f  L/U 

(etatic)  tiBgi^iratare 

nuctuating  part  of  t 

contributioD  of  entropy  to  T* 

contribution  of  preesure  to  T* 

volocity  cosponent  in  the  x-direction 

floctuatiag  port  of  u 

contribution  of  vorticity  to  u* 

contribution  of  proeeure  to  u* 

root  nsan  square  value  of  u' 

power  spectral  density  of  u* 

naan  of  u 

velocity  co^onent  in  the  y-direction 
fluctuating  part  of  v 
root  naan  square  value  of  v' 
power  spectral  deoeity  of  v’ 

valocity  oonponant  in  the  s-direction 
fluctuating  part  of  w 
root  naan  square  valus  of  w* 
power  spectral  density  of  w* 

coordinate  in  the  Bean-flow  direction 
coordinate  in  tbe  horisontal  tmevereal  direction 
coordinate  in  tbe  vertical  troneversal  direction 


1.  nrraooooTioii 

Flow  unateadlnoas  in  wind  tunnels  is  one  of  tbe  factors  that  contribute  to  the  preciafcm  and  quality  of 
data  obtained  In  wind-tunnel  experinenta.  The  Abtettung  Turbulenstorsehung  (Turbulenoe  Sssaarch  Section) 
at  DFVLR  la  BerUa  has  csrrlad  out  bot-wire  and  nierophono  uaaoursnanta  In  vaiioua  Buropesn  tunnels  to 
Invsstlgata  thstr  flow  unstssdtnssa.  This  paper  discuases  tha  valocity  unoteadinaaa  in  alx  toot  oactfcma  of 
three  tunnala. 


Tha  three  tunnels  ooneamad  are  outlined  in  fisure  1.  Moot  of  the  data  preoented  hero  were  neawirsd 
ia  the  IfWB,  a  low  spood  tunnel  of  DFVLB  In  Braunschweig  (Oeraany)  with  an  open  or  a  cloaed  3.86  si  m 
2.8  m  teat  section.  The  walls  of  tha  closed  teat  aaction  are  equipped  wuA  alois  whoee  open  area  can  be 
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wted  b<tir— a  0  %  and  11  %•  Thm  noaila  oootraoiion  ratio  ia  6.6  and  tha  aasimm  air  apaada  are  70  a/a 
lor  tha  open  and  90  m/m  ter  Um  elaaad  taai  aartinn.  Tha  tiinaal  haa  a  oonvaniianal  daaicn  with  a  ten  in 
the  raiurn  lap.  Tha  four  cornara  ara  aqufopad  with  turning  vanaa.  A  honaycoab  flow  atraightenar  and 
thraa  aeraana  ara  in  tha  aattHng  eha»bar. 


Figure  1:  Wind  tunn^  inraati^tad. 

NWB:  3.26  ■  »  2.8  n  low  apaad  iunnal,  DFVLB 

Braunachwaigi  Oarnany 

NWO:  3  ■  K  3  ■  low  apaad  tunnel*  DPVLR  flftitingao, 
flat  Many 

ONW:  8  ■  ■  6  a  low  apaad  tunnel*  Oaman-Outoh 
mad  Tuanal*  Markaaaa*  Tha  Nathartenda 


Tha  atparlaanial  raauHa  d  the  opaa  taai  aaction  ara 
oaaparad  with  eorraapeadlng  data  at  tha  mPQ*  a  3  n  « 

3  Bi  low  apaad  tunnel  at  OFVLB  ia  GOttingan  (Qaraaay) 
which  haa  a  nnaala  oootraeiion  r^io  ot  8.4  and  a  naii- 
■ua  air  apaad  od  66  m/m»  Two  180  dagraa  tuma  Indicate 
an  unoonwantional  daaign  for  tha  circuit  of  thia  tunnaL 
The  diffuaara  of  tha  circuit  ara  eoaibinad  with  tha 
turna.  Bowa  of  ataggarad  vanaa  ara  inatallad  to  inhibit 
flow  aaparation.  Tha  return  lag  wHh  tha  ten  ia  circular 
whlla  tha  two  turna  and  tha  aattling  chanbar  ara  raet> 
angular.  Tha  aattling  chawbar  la  vary  long  and  aouippad 
with  honayoowb  flow  atraightanar  and  thraa  aeraana* 

Tha  raauHa  of  tha  NWB  ara  alao  cowparad  wHh  data 
of  tha  open  and  tha  eloaad  8  w  •  6  ■  open  taat  aaeUona 
of  tha  DNW*  tha  flarnan  Dutch  Wind  Tunnel  in  Marhnaaa 
(tha  Natharlanda).  Tha  noaala  amtraetion  ratio  ot  ihaaa 
taat  aactkma  ia  9U)  and  tha  watinun  air  apaad  ia  about  85  m/m  for  tha  open  taat  aaction  and  117  m/m  for 
tha  eloaad  taat  aaction.  Tha  tunnel  can  alao  be  equipped  with  two  other  eloaad  taat  aaetiona  with  croaa 
aactiona  of  6  n  ■  6  n  and  9.5  ■  «  9.5  a*  but  their  flow  unataadinaaa  waa  not  atudtod.  Several  daaign  fee- 
turaa  aia  at  a  good  flow  qiiiality  including  a  low  turbulanca  level:  (i)  A  wide  angle  diffuaar  with  acraan  at 
tha  antranoa  of  tha  aattUng  chaabar  pamita  a  large  noasla  oontritttion  ratio.  (U)  Tha  dtffuaar  anglaa  in 
tha  raat  of  tha  circuit  ara  awall.  (iii)  Tha  heat  amhangar  in  tha  aattling  chaabar  haa  lang  flow  ehannala 
few  good  heat  tranafar  but  alao  for  the  aUainatkwi  of  atraaawiaa  vortJeity  through  viacoua  forcaa.  (iv>  It 
waa  not  poaaibla  to  aanutectura  tha  aeraana  ia  tha  aattUng  chaabar  in  one  place.  However*  auch  care  waa 
appllad  in  tha  aoldaring  procaaa  of  tha  aeaaa  to  avoid  irragularitiaa  of  the  acraan  aa  ter  aa  poaaibla. 


2.  TUBBULBICB  LBVn.8  OP  THB  THBBB  TUNNBL8 


Tha  velocity  unataadinaaa  in  wind  tunnala  ia  gana> 
rally  daacribad  in  taraa  of  "turbulanca  lavala"  0/U*  f/U* 
and  #/U*  where  0*  P*  and  #  ara  the  root-aaan-aquara 
valuaa  of  tha  thraa  ooaponanta  d  tha  fluctuating  vaio* 
city  in  tha  x*  y*  and  s-dlractiona*  raapactivaly*  and  U  ia 
tha  tunnel  apaad.  Tha  data  rapenriad  hare  ara  aaeaurad 
with  hot-wire  anawoaMtara  uaing  x-wira  probaa. 

Tha  anawowatara  (DFVLB)  ara  equipped  with  polyno¬ 
mial  Unaarisara  which  yield  output  vohagaa  proporiimial 
to  tha  velocity.  A  turbulanca-laval  aatar  (DPVLR)  ia 
uaad  to  avahiata  tha  two  valocfty  componanta  u  and  v 
(or  u  and  w*  depending  on  tha  orientation  ct  tha  x- 
wira)*  to  aaparata  tha  fluctuating  portiona  froai  the 
mean*  to  evaluate  tha  wean  valocitiaa  U  and  V*  and  tha 
turbulence  lavala  <I/U  and  P/U.  Tha  averaging  timaa  and 
tha  cut-off  fraquanciaa  of  tha  high-paaa  and  low-paaa 
filtara  can  be  eat  to  auitabla  value#.  Oanarally  tha  Alter 
aattinga  0.1  Ha  and  10  kBs  ara  uaad  for  thaaa  turbu- 
lanoa  aMaaurawanta.  Tha  turbulanca-laval  mater  alao 


Figure  2:  Turbulanca  lavala  u/U  (aquaraa)  and  P/U  (dr- 
elaa)  in  tha  aUidiad  taat  aactiona.  Tha  lavala  In  the 
eloaad  tact  aaction  of  tha  DNW  are  aalimatad  tram 
maaauraawnto  that  include  apurioua  aigaala.  Note  the 
teetor  of  about  tan  for  tha  ratte  batwaan  tba  turbu- 
lamea  lavala  of  the  NWO  and  tha  eloaad  taat  aactiona 
of  tha  DNW  or  NWB. 
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ouiputo  Um  flucttttttlooa  u*  uid  ▼*  for  rmhimm  fr^quoncj  •atdjmim  in  migml  oMlyoero.  Thm  Wt— t  voraioB 
ci  thm  oqidpaMt  io  iBlorfSoood  to  a  ooaputor  which  aakoo  it'poMiblr  to  adjuai  tha  HwaaHaar  ooaataata  to 
ehaii#ad  aoaa  Tatuaa  of  tho  tawparatura  and  tha  praaatura  in  tha  flow.  AH  aattinga  of  tha  aqufpwant  and 
tha  lata^ratad  raauUa  can  ha  raad  hr  tha  oowputar.  In  addition*  tha  oriaatatioo  of  tha  x*wira  iwc^  can 
ba  ehaagad  through  oomputar  oontroL 

Fiaura  2  rontaina  aona  raauha  for  tha  turbulanca  lavala  0/U  and  ^/U  frow  tha  thraa  tunnala.  Tha 
iaval  H/V  at  tha  longttudtaai  raloeity  fluetuathma  ia  aaan  to  eorar  a  ranga  of  raluaa  batwaaa  04tt5  X  for 
tha  DNW  at  about  40  m/m  and  0^  %  for  tha  HWQ.  Tha  turbulanca  laral  F/U  of  tha  horiaontal  tranavwaal 
valoettr  fluetuathma  oorara  a  aiadiar  range  batwaan  0.06  %  tor  tha  ONW  and  0.76  X  for  tha  NWO.  Tha  knraat 
valuaa  in  tha  croaa  aaetioa  of  a  tjrpical  nodal  poattion  for  tunnel  apaada  of  about  60  m/m  are  liatad  in  tha 
f^lowing  table. 


mn 

MQ 

DMf 

teat  aaeiicn 

open 

cloaad 

Blotted 

open 

open  closed 

contraetiOB  ratio 

5.6 

5.4 

9.0 

loweat  fi/U 

0.19  % 

0.04  X 

0.06  X 

0.38  t 

0.32  «  0.03  « 

loMoat  f/U 

0.21  « 

O.OB  X 

0.10  X 

0.75  X 

0.12  X  0.076  X 

oorraspoodiBg  6/fi 

1.1 

2.0 

2.0 

3.0 

O.B  2.8 

Tha  ratio  F/Q  ia  nuch  aaallar  than  one  in  tha  canter  cf  tha  open  teat  aaction  of  tha  DNW.  It  ia  ahaoat 
equal  to  one  in  tha  open  teat  aaction  of  tha  NWB  while  it  ia  much  larger  than  one  in  the  NWG  and  the 
cloaad  or  alotted  wall  teat  aaciiona.  The  origin  of  theae  diffarencaa  will  ba  atudiad  later. 


3.  TBBBB  OONTBIBUnOia  TO  FLOW  UNSTEADimSS 

It  waa  ahown  hj  lovAaanajr  fl]  in  a  hnaariaad  treat  went  of  tha  flow  aquatkma  that  tha  flow  unataadi- 
naaa  in  tha  empty  teat  aaction  ot  a  wind  tunnel  can  ba  deacHbad  by  thraa  independent  fundamental  oon- 
tributiona:  vortieity*  entropy*  and  praaaura  fluctuaikmo.  All  other  nuctuating  flow  quantitiaa  in  a  tunnel 
can  ba  axpraaaed  in  teraM  of  two  or  all  three  fundamental  oontributiona.  Isamplaa  tor  dependent  flueiu- 
atkma  are  velocity  fluetuatkma.  The  velocity  fluctuatioaB  u'  In  the  mean  flow  direction  z  are  given  by 

W*  s  Uu  *  »i,t  (1) 

where  u^  ia  the  ooniributkm  of  tha  vckrticity  flald  and  Up  ia  tha  cemtHbution  of  the  preaaure  field.  Taapa~ 
rature  fluctuationa  T'  are  created  by  entropy  and  preaaure  fhictuationa* 

r  s  t;  ♦  t;.  «) 

and  Mach  number  fluctationa  M*  are  created  by  all  three  baaic  oontributiona* 

M*  =  Ifc  ♦  M;  +  m;.  (3) 


Vorticity  and  entropy  fluctuationa  are  convectad  with  the  tunnel  flow.  Tha  propagation  velocity  Up  of 
thaaa  diaturbaneiaa  la  equal  to  tha  tunnel  apaad  U.  It  waa  ahown  in  rafaranca  2  that  preaaure  fluctuationa 
are  governed  by  a  convective  wa^  aquation  and  that  tha  component  Up  of  the  propagation  velocity  of  tha 
praaaura  wavaa  in  tha  mean  flow  direction  can  have  any  value  batwaan  laro  and  infinity*  except  a  email 
range  around  tha  tunnel  apaad  U  which  muat  ba  excluded  for  tbia  Hnaaricad  treatment. 

PropagatioB  valocitlaa  Up  proportional  to  tha  tunnel  apaad  U  are  obaarvad  for  praaaura  wavaa  in  the 
near  fialda  of  free  ahaar  layers  or  boundary  layers.  In  these  cases*  Up  ia  close  to  tha  propagation  apaad 
of  tha  diaturbaneiaa  in  tha  shear  la^ar.  Plana  sound  waves  propagate  with  a  apaad  Up  =  U  »  a*  where  a  ia 
the  sound  speed.  Large  values  for  lUp-U)  can  ba  obaarvad  for  aound  wavaa  that  propagate  with  an  angle 
relative  to  the  mean  flow  direction.  The  component  |Up-U|  in  the  flow  direction  beoomee  infinite  for  sound 
wavaa  that  propagate  parpantWular  to  tha  mean  flow  direction.  Tbia  ia  tha  case  for  tha  cut-on  fraquaneiaa 
of  higher  order  duct  modes  of  sound. 

Only  velocity  fluctuationa  are  diacuasad  in  this  panar.  They  are  daacribad  by  aq.  (1)  and  aquivalant 
aquations  for  tha  two  tranavaraal  velocity  components.  Tha  velocity  fluctuationo  u^  in  the  x-diraetion 
(aman  flow  direction)  due  to  vorticity  depend  on  the  two  vorticity  components  in  tha  y-diraetion  (hemtaon- 
tal  tranavaraal)  and  s-diraetkm  (vertical  tranavaraal).  Tlw  velocity  fluctuationa  Up  in  tha  x-diraction  due 
to  praaaura  waves  depend  on  tha  propagation  velocity  of  tha  praaaura  wavaa.  According  to  raf.  2  wa  have 
for  Up  a  U 


u^  =  p’/(f(Up-U)). 


(4) 


This  raault  indicates  that  Xhm  eflactivanaea  of  a  praaaura  wave  in  generating  velocity  fluetuatiowia  in 
tha  mean  flow  direction  of  a  wind  tunnel  depends  vmrj  much  on  tha  diffaranca  Up-U  batwaan  tha  compo¬ 
nent  Up  of  tha  wave  propagation  velocity  in  the  x-diractk>n  and  tha  tunnel  apaad  U.  For  tha  rma-vahwa  flp 
of  Up  and  of  p*  wa  obtain  tha  relation 

fl./u  =  c*  u/(*|t;p-u|), 


I 


(8) 
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whar«  Cp  s  |l/«f/t)U*)  im  ihm  IhieiiMiiiic  pr—aMf  coattieimnU  Bq.  (6)  ahciwa  that  ]arg«  nrw—HMri  ▼•lootiy 
flnaUMHiemm  flp/U  4m  to  prooouro  wavoo  roquiro  oao  or  both  at  ibo  foUowiiic  two  cooditiou  to  bo  ootio* 
flod:  (i)  lortfo  vImo  of  tbo  prooouro  ooofflciont  Cp  or*  (ii)  lorpo  voluoo  of  U/|u^-U|.  Por  pteno  oouiid 
wmtam  w  obtain 

i^p/V  =  Op(ll)  U/2.  (6) 

whoro  II  =  U/a  ia  tha  Mach  nuwbw  of  tbo  tunnol.  M  la  oaall  in  knr  apoad  tunnola.  In  addiUon.  Op(ll)  duo 
to  plana  warm  ia  onarallp  omU  for  anall  Haob  nunbora.  TboroKcwOf  tbo  oontribuUon  of  plana  aound 
wmrm  to  tbo  ▼doeitp  ftuotuation  laoal  in  low  apaod  tunnala  ia  gonarallj  no4li4iblo« 

Tbo  oaao  ia  dtfforoot  for  proaauro  warm  that  propadata  with  Vp  “  a  Vt  whoro  a  •  0*6  ...  0*$*  For  thia 
eaao  wo  obtain  froai  aq.  (S) 


Op/V  =  C5||  f ,  (7) 

whoro  fi  s  1.26  for  a  s  0*6  and  0  s  2.6  for  a  “  0.6.  It  win  bo  aoon  that  thin  contribution  ia  not  nopUpiblo 
in  low  apood  tunnola  in  poaittona  auMieiontly  eloao  to  ahoar  lajora. 


4.  OIFVBBBITlATiOlf  09  FLOW  UNSnADlMBSa  IN  TB  fBNQUBCT  DOMAIN 

Tho  doacriptkm  of  flow  unaioadinoao  in  toma  of  turbulanoo  lo^ola  O/V,  0/\S,  and  w/U  ia  not  aufficiont 
whan  tha  offoct  on  tbo  quaUtj  of  wind  tunnol  roaulta  ia  ctMM^rnod.  B.p.»  bmindarj  layor  tmnaition  ia 
influanood  bj  fluctuationa  at  rathar  hidh  froquoncioa»  bu^ot  onaot  bj  nodiun  froquoncios,  and 
naaaurononta  of  atatic  forcoa  and  nononta  bj  rathar  low  froquoncioa  (aoo  o.p.  Bartauikor  [3])*  It  will  bo 
ahown  latar  that  tunnola  with  idontioal  turbulonco  lovala  can  fiold  conplotoix  difforont  ozporiaontal  roaulta 
hocauao  thoir  froquonop  apoctra  are  difforont. 


Pilturo  3:  Proquoncy  apoctra  tor  tbo  v*  -volocity 
fluctuationa  in  cloned  toot  aocUon  of  NWB  for 
tunnel  apooda  botwoon  U  '  20  a/a  and  U  s 
60  a/a.  X  s  3.72  a,  y  s  -0.04  a,  a  s  0  a. 


Piruro  3  nroaenta  the  frequency  apoctra  of  tho 
v*  -fluctuationa  in  tho  cloood  teat  aoction  of  tho 
HWB  for  difforont  tunnol  apooda  U.  Tho  frequency 
ia  plotted  logarithaleally  on  the  horiaontal  azia. 

Thia  haa  tho  advantado  of  a  good  rooolution  of  the 
apoctra  at  km  froquoncioa.  The  aoan  oquaro  value 
T*  of  a  apoetrua  ia  given  by  tho  intograla 
/<aPVAf)  df  s  Sit  ATVaf)  df/f  =  fit  aTV^f)  dlnf. 

Tho  firat  integral  ia  convenient  for  a  linear  fre¬ 
quency  azio  whore  a  frequency  interval  *f  haa  a 

conatant  length.  Tho  laat  integral  ia  convenient  for  a  logarithmic  froquonc>  azio  borauoo  alnf  haa  a  con- 
atant  length  on  the  axla  in  thia  caao.  Conaoquently»  tho  power-apoctral  denaity  aT*/af  timea  the  frequency 
f  ia  plotted  on  the  vertical  axia  in  thia  paper.  In  addition,  a  logarithmic  acale  ia  uaed*  Tbo  aquare  root  ia 
uaed  for  axia  labelingi  becauaa  the  aquare  root  of  (f  aT*/af)  ia  proportional  to  the  velocity  fluctuationa  v' . 
Equal  apectral  denaity  levela  at  di^erent  froquoncioa  in  figure  3  indicate  equal  importance  of  thia  pari  of 
the  apectrum  with  reapect  to  the  root-moan-aquare  value  T  of  the  fluctuationa  v' .  Bach  apectrum  in  thia 
figure  ia  a  combination  of  two  apoctra,  the  firat  one  covera  the  frequency  range  from  1.6  Hz  to  400  Hz,  the 
oecond  one  the  range  up  to  12.8  kHz.  A  combination  of  three  or  aiore  apoctra  ia  neceaoary  for  a  better 
reoolution  at  low  frequencieo. 


Figure  3  alao  illuatratea  the  problem  of  hot-wire  anemometry  in  low-turbulence  flowa:  apurioua  peaka 
appeflu*  in  the  apectra.  The  peaka  viaible  at  low  frequencieo  are  cauoed  by  vibrationa  of  the  probe  atrut 
with  ita  natural  frequenciea.  The  peaka  at  higher  frequencieo  are  cauoed  by  natural  frequenctoa  of  the 
probe  holder,  probe,  or  aeoaor  wir^  The  effect  of  email  vibrationa  on  the  turbulence  level  can  be  demon- 
atrated  with  an  example.  A  vibration  with  an  raw  amplitude  of  1  pm  and  a  frequency  of  4  kHz  aimulateo  an 
rma  velocity  fluctuation  u  :  0.025  ai/a,  or  a  turbulence  level  u/U  z  0.05  %  for  U  =  50  m/a.  Such  a  con¬ 
tribution  can  dominate  tho  indicated  turbulence  level  of  low-turbulence  tunnola.  Therefore,  the  turbulence 
levela  of  low  turbulence  tunnola  can  only  be  determined  by  cleaning  the  freqency  apoctra  from  apparent 
apurioua  contributiona  and  integrating  the  apoctra  to  yield  the  turbulence  levela.  All  levela  repcn*t^  here 
are  procoaaed  in  thia  way.  Only  the  ^/U  data  for  the  closed  test  aoction  of  the  DNW  in  figure  2  are  eoti- 
mateo  deduced  from  values  that  include  probe  vibrations.  Broadband  contributiona  from  forced  vibrationa 
of  tho  probe  cannot  be  diotinguiahed  from  real  velocity  fluctuationa  and,  consequently,  are  included  in  the 
turbulence  levela  reported  here.  The  origin  of  the  spectral  levels  at  high  froquoncioa  ia  not  known.  It  may 
bo  the  noiee  fkxM*  of  the  electronic  equipment  which  deponda  on  tho  wind  apoei  in  the  eaoo  of  a  hot-wire 
anemometer  and  cannot  bo  chocked  in  the  no-flow  condition. 


It  can  be  oeen  in  figure  3  that  higher  wind  apeoda  increaao  the  apectral  levels  In  the  NWB  and  also 
increase  tho  cut-off  frequencies  for  the  decay  of  the  apectral  level  at  high  frequenciea.  A  decay  can  also 
be  obaerved  for  low  frequenctoa.  The  cut-off  frequency  for  the  decay  of  the  apectral  denaity  of  v'  at  low 
frequencies  ia  ahaost  independent  of  tunnel  speed,  because  it  ia  primarily  a  function  of  the  the  lateral 
dimenaion  of  the  teat  section  and  the  aound  speed. 
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5.  TBST  sacnOMS  THAT  ARt  DOMDlAm)  BT  VOBncriT 


The  Bpectre  of  figure  3  for  the  NWB  ere  replotied  in  e  non-dimeneionel  fom  in  tiMuv  4.  ueinc  the 
tunnel  epeed  U  end  en  equtvelent  dieaeter  D  for  norneHtetion.  D  ie  defined  D*  :  4  A/n,  where  A  ie  the 

cmee  eeciVmel  eree  of  the  test  eection.  The  noneehied  'frequency  St  :  f  D/U  ie  celled  Strouhel  number. 
AddiUonel  non-dlmeneionel  peremetere  of  tbie  problem  ere  the  Reynolde  number  Be  =  U  D/i/,  the  Mech 
number  If  =  U/e,  end  the  Belmholte  number  Be  =  f  D/e  =  If  Si.  The  moet  prominent  influence  of  theee 
peremetere  ie  e  riee  at  the  cut-off  Strouhel  number  for  the  decey  of  the  epectrum  et  high  Strouhel 
numbere  from  e  eelue  of  8t  =  20  to  e  veliM  of  ebout  St  =  30  which  mey  indicete  e  Reynolde  number 
Influence*  The  cui-^  et  low  Strouhel  numbere  ie 

ehtfted  to  lower  Strouhel  numbere  with  inrrneeinj  Sr — ■  ■■  "’"i — — . r 

tunnel  epeed*  Thie  ie  e  ooneequeMe  of  the  depen-  »w« 

dence  of  the  v‘-  end  w‘-  fluctuetione  on  tunnel  S«r« 

dimeneion  end  eound  epeed  deecribed  in  the  pre-  |  wwl 

viouB  peregreph  end  een  be  expreeeed  ee  e  Helm-  I  I  - 

holts  number  dependence.  The  cut-off  Belmholts  .  i  j 

number  ie  ebout  Be  c  f  D/e  r  0.1.  ,/r • 


Figure  4:  Normelieed  vereion  of  figure  3.  Normelised 
frequency  spectre  for  the  v‘  -vriocity  fluctue- 
tione  in  closed  test  section  of  NWB  for  tunnel 
epeede  between  U  c  20  m/e  end  -11=  60  m/e. 
X  :  3.72  m,  y  =  -0.04  m»  e  =  0  m. 


Strounal  nunoer.  St 


Fieure  S  ie  e  eimiler  plot  for  the  w'  -fluctuetione  in  the  NWG.  The  normelised  epectra  ere  elmoet  inde¬ 
pendent  of  tunnel  epeed  for  thie  tunnel.  The  Belmholts  number  influence  on  the  cut-off  et  low  frequencies 
ie  repleeed  by  e  Strouhel  number  influence  beceuee  the  NWG  ie  a  free  jet  tunnel  which  hee  no  wells  that 
conetrein  the  large  irenavereel  fluctuetione  et  low  frequencies.  The  cut-off  Strouhel  number  hee  a  value  of 
St  -  0.1.  The  Reynolds  number  influence  at  the  high  Strouhel  number  and  ot  the  spectre  In  the  NWB  hee 
dieeppaered  in  the  NWG.  Note  the  large 

range  of  5  decades  of  the  Strouhel  number  Sf — — — -r-.— t — — ■  pos  "‘’'ia  ^  tu  '■ 

axis.  Two  of  the  spectre  ere  combined  from  .  .  i  n?  ooeas 

four  spectre  with  differing  frequency  ^  i  1*4 

ranges  which  yields  a  very  good  Strouhel  |  ^  ' 

number  resolution  et  low  Strouhel  numbers.  I  §  .  k 

The  third  spectrum  ie  e  oombietion  of  three  _  ^  t : 

■jwctr*.  ^  r 


Figure  5:  NormaUsed  frequency  spectre  for 
w' -velocity  fluctuetione  in  NWG  for  dif¬ 
ferent  tunnel  epeede,  U  :  40  m/e, 

50  m/e,  60  m/e.  x  s  1.0  m,  y  s  s  :  0  m. 


strouhel  numoer.  St  •  f»D/U 


The  epectra  of  figures  4  end  S  ere  dominated  by  vorticity  fluctuetione.  A  typical  property  of  vorticity 
fluctuations  in  the  test  sections  of  wind  tunnels  ie  that  their  decay  with  increasing  distance  from  the 
noeele  is  negligible.  Thie  ie  deiDonstrated  in  fixure  6  which  ehowe  w' -epectra  on  the  center  line  of  the 
NWG  for  U  s  60  n/a  for  three  distencee,  1  m,  2  m,  and  3  m  from  the  noeele. 


A  eecond  property  of  VOTticity  is  that  the  turbulence  levels  v/U  end  w/U  for  the  velocity  fluctuetione 
perpenticuler  to  the  mean  flow  direction  are  larger  then  u/U  for  the  longitudinal  fluctuetione.  Thie  ie 
obvious  in  the  Strouhel  number  range  0.3  < 

St  <  100  of  figure  7  for  the  velocity  fluctu-  Frequency  f  ihzj  - - 

eiione  in  the  closed  test  section  of  the  NWB.  >  to  loo  looo _ loooo 

The  spectral  levels  tend  to  become  equal  for  ^  '  ’"i^t  'h*'  '  ’  fu  ' 

Strouhel  numbers  above  100  which  indicates  ...  ^  .  -  I  I??  .SotiI 

isotropic  turbulence.  The  v* -fluctuetione  at  .  ^ 

smell  Strouhel  numbers  ere  larger  then  the  f  P'  '  '  ^  i  1 "  I 

w'  -fluctuetione  because  the  dimeneion  of  the  I  §  • 

teet  section  in  the  y-direction  13.25  m)  ie  . — —  ''  , 

larger  than  in  the  x-dlrection  (2.S  m).  ri  ^  ml  i/Ta^ 


Figure  6:  Normalised  frequency  spacirs  for 
w*  -velocity  fluctuations  in  NWG  for  dif¬ 
ferent  exU  poeitione  x  =  1  m,  2  m,  end 
3  m.  y  =  s  =  0m.  U  =  40  m/e. 


Strounal  nuaber.  St  •  f»0/U 


A  third  property  of  vorticity  ie  that  its  propagation  epeed  is  equal  to  the  tunnel  epeed.  Thie  wee 
verified  in  the  NWB  with  e  tandem-wire  hot-wire  probe.  Two  normal  wiree  were  eepereied  in  the  flow 
direction  by  ex  =  20  mm  (ex  s  10  mm  is  now  used  for  improved  coherence).  A  ietarel  separation  of  about 
ey  X  2  mm  was  used  to  keep  the  eecond  wire  out  of  the  wake  of  ib^l|ret  one.  The  phaae  velocity  can  be 
computed  from  the  phase  spectrum  as  e  function  of  frequency  end  m|m  found  to  be  identical  to  the  tunnel 

•ix"**-  HR' 


Y. 
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Fitfur*  7:  CoMp«ri«m  ci  normalic^d 
u*-(  v',  and  w'-apactra  in  rtnaart 
taal  aaction  at  NITB*  U  s  SO  w/a* 
X  s  3.7  Ml  y  s  -0*04  a  s  0  •• 


Fiaura  fl  ia  a  coapariaon  baiwaaa  a  noraaliaad 
u‘  -apaetnua  of  tha  NWB  for  U  s  SO  a/a  with  two 
corraaponding  apactra  of  tha  DNW  fcM^  U  :  40  a/a 
and  U  s  100  a/a.  Tha  ONW  haa  aaallar  noraaHtad 
Vavala  fcM‘  Sirouhal  nuabara  St  <  70.  A  ntio  of  aout 
2.6  batwaan  tha  apactral  lavala  of  NWB  and  DNW 
would  oorraapond  to  tha  diffarant  nosata  con¬ 
traction  ratioo  of  both  tunnala.  Thia  figure  alao 
Uluatrataa  tha  affact  of  cutting  off  th#  apurioua 
paaka.  Tha  intagratad  turbulanca  lava^  ara  rapor- 
tad  In  the  uppar  right  oornar  of  the  figure.  The 
turbulanoa  level  of  tha  corrected  apectra  ia  aaen  to 
be  idantleal  to  tha  unoorreetad  one  in  the  caae  of 
tha  NWB.  The  turbulence  level  of  the  DNW  for  U  s 
40  a/a  ia  reduced  froa  Q/U  =  0.030  X  to  0.026  X 
and  the  turbulence  level  of  the  DNW  for  U  ' 
100  a/a  la  reduced  froa  u/U  ~  0.045  X  to  0.034  X. 


Figure  6:  Coapariaon  of  noraaliaed  u‘  -apectrs: 

( - ):  Nm»  U  =  50  n/a.  x  -  3.7  a, 

y  =  0.04  a  s  0  a, 

( - ):  DIM,  U  =  40  n/a,  x  s  6.5  a. 

y  =  X  s  0  a, 

( . ):  DUN,  U  s  100  a/a,  x  -  6.5  a, 

y  s  X  =  0  a. 


6.  DIFLUBNCB  OF  niPBRFBCTIONS  OF  FLOW  STBAlCaTBNBR  AND  SCRBBIS  ON  VORTICITT  IN  TBST  SBCTION 


Tha  turbulence  levela  u/U*  v/U,  end  w/U  in  the  cloaed  teat  section  of  the  NWS  as  a  function  of  posi¬ 
tion  y  are  plotted  in  future  9.  The  integration  waa  performed  between  the  Sirouhal  numbers  0.1  and  1000 
which  corresponds  to  frequencies  f  s  1.5  Hs  end  15  kHx  in  the  case  U  :  50  m/a  and  D  :  3.4  m.  All  peaks 
in  the  frequency  spectra  were  eliminated  before  the  integration  waa  carried  out.  The  lowest  turbulanca 
levala  of  tha  tunnel  are  observed  for  y  ::  -0.2  m.  Narrow  regions  with  higher  turbulanca  levala  ara  appa¬ 
rent  close  to  the  center  line  of  the  tunnel  and  at  intervals  of  about  Ay  :  0.54  m.  Their  width  is  only  about 
0.1  m.  These  regions  of  increased  turbulence  can  be  related  to  the  poaitiona  of  the  support  alructure  of 


the  honeycomb  flow  airaightener  in  the  settling 
chamber  which  has  eix  elements  in  the  y-directk>n. 
It  ia  surprising  that  the  three  screens  behind  the 
flow  airaightener  are  not  sufficient  to  eliminate  the 
flow  disturbance  due  to  these  alruciuree.  Also 
notable  in  figure  9  ia  e  gradual  rise  of  turbulence 
when  the  position  approaches  the  wall. 


Figure  9:  Influence  of  lateral  position  y  on  turbu¬ 
lence  levels  u/U,  v/U,  and  w/U  in  the  cloaed 
test  section  of  the  NWB,  x  =  3.7  m,  z  ~  0  m, 
U  =  50  m/a.  Note  the  peaks  at  y  s  -0.04  m  and 
-0.57  m  which  are  traces  of  the  wakes  of  the 
support  structure  of  the  honeycombs. 


Figure  10  aarvea  to  demonstrate  tha  cauaea  of  the  change  of  turbulence  level  with  position  y.  The 
v'  -spectra  in  the  NWB  are  compared  for  a  tunnel  speed  U  =  50  m/e  for  the  poaitiona  y  =  -0.04  m, 
y  =-0.2  m,  and  y  =  -0.8  m.  It  can  be  seen  that  the  large  rms-value  at  y  =  -0.04  m  is  caused  by  a  broad¬ 
band  contribution  with  a  maximum  at  a  Strouhal  number  around  St  =  5  or  a  frequency  of  about  70  Hx.  The 
width  of  the  wake  responsible  for  this  contribution  can  be  estimated  aa  foUowa.  The  Strouhal  number  St«  = 
f  W/U  of  the  dominant  frequency  in  the  wake  behind  a  two-dimensional  blunt  body  with  a  width  W  ia  given 
by  8t  »  O.IS,  approxiamtely.  If  we  consider  that  the  flow  speed  in  the  settling  chamber  ia  U  s  9  m/a  we 
obtain  a  wake  width  of  W  =  0.15  U/f  =  0.02  m  which  ia  a  very  reasonable  value. 

The  spectrum  si  y  =  -0.8  a  indicates  a  grauaJly  increasing  contribution  for  low  Strouhal  numbers.  The 
spectral  levela  are  almost  identical  with  tboae  in  position  y  s  -0.2  a  for  Strouhal  numbers  St  >  40.  The 
difference  between  the  two  spectra  liaae  with  decreaaing  Sirouhal  nuaber.  The  largest  difference  ia  at  the 
lowest  Strouhal  numbar  of  the  plot,  St  =  0.1,  where  the  factor  between  the  plot,  Si  =  0.1,  where  the  factor 
between  the  two  mpadn  is  abaoei  4.  The  gradual  change  at  the  epectrel  level  with  Strouhal  number  indi- 
catee  vortleity  ae  origin  of  the  flucitMtiona.  A  contribution  from  pressure  fluctuations  due  to  shear  layers 
haa  a  dtfferant  spectral  behavior  aa  we  shall  aee  in  the  next  section. 


•WCROConr  RESOLUTK3N  TEST  CHART 

8U»MU  Of  SIMIOIWOS-HS3-A 
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Ftcurv  19:  u*>>«pMir»  of  opoa  and  oin— d  loot  ooc- 
tlon  te  ihm  vmB»  Moto  iImv  Imror  taduood  htoip 
for  8i  <  1  ond  tho  alBOOi  tdoattool  opoeirol 
iovoio  dor  ti  >  t  whielk  oro  gonoroted  br 
tieitj. 


A  ofarilar  ooKporioon  for  tho  DNW  to  pro— ntod 
in  ftottro  14*  ohoor  toyor  Indueod  btmp  to 

mieli  aero  pmatoont  to  this  ftouro.  Tho  opnetotf 
boiwoon  Ibo  mnom  pooka  to  aaoUor  than  to  ftoura 
13  bacauaa  tha  roannant  fraquanotoa  of  iba  iunnal 
aro  Bora  ctoaoly  apaoad  duo  to  tho  ralativa  largo 
laagth  of  tho  oIreuH.  Tha  turbulanea  looal  of  tha 
opan  tool  oactioti  to  0.18  %•  Tho  intagral  ovor  iba 
opaetrua  of  tho  etoaad  toot  aaotton  ytoldo  0.090  1L 
Atoo  toehidad  to  a  oorrootad  apaetrua  to  which  tho 
paaka  at  high  Strouhal  mtabaro  aro  roaoood.  Tha 
totogral  owor  thto  apaetrua  ytoldo  a  lavto  of 
OUtoO  8.  Tho  ratio  of  tha  tiarbutoaoo  laoola  of  both 
taat  aactiona  to  7.  It  to  toUrooUng  to  noU  that  tha 
▼ortieity  toool  to  tha  ninaarl  toot  oaction  to  higher 
than  to  tho  opan  toot  aaotton  in  both  figuroa  19 
and  14.  Tha  raaaeti  tor  thto  to  not  known. 


PIguro  14:  u*-apactra  of  opan  and  etoaad  toot  aac- 
tton  In  tha  ONW.  Mote  that  tha  ohaar  toyor  to* 
duood  huap  tor  8t  <  9  to  aueh  aoro  doainant 
than  to  llguro  13  for  the  NWB  bacauaa  tha  oor- 
ttolty  indueod  apaetrol  Wool  fcM*  St  >  2  to 
lowor. 


Strt»u^•l  St  -  fnO/U  — — 


FrtouMKy  f  {Hz) 


StrouMl  niiflOsr.  St  •  fnO/U 


‘Hia  open  taat  aactiona  of  tha  throe  tunnola  IflTG,  NWB  (old  aoroanli  and  DNW  aro  ooaparod  to  ngurt 
]£.  Th.  vortfcdty  l.r.l  ia  <ltfr««ni  In  .11  thrM  mpmslrm.  Th.  trpio.1  oontribution  of  Ui.  akw  layar  la 
alaoat  idantieal.  It  ia  bu.lT  vialbla  In  th.  HUO  iMcaua.  tta  varttcltT  Inml  is  no  kich.  ChUKteriatioal  ia 
th.  staap  f«dl-oH  at  th.  pruuir.  contribution  tor 


Strouhri  nuaibar.  St  >  1.  Tha  turbulanea  laval  3/U 
of  all  thra.  taat  aactiona  ta  alaoat  Idantieal  busua. 
it  in  dotatnatad  by  th.  oontribution  of  tha  prMour. 
fiald  at  low  Strouhal  nuabsro.  Th.  |wak  traquancT 
of  thin  contribution  ia  a  function  of  ooriaalliad 
nosalo  diotano.  «/D.  Th.  paok  Ist.1  d.p.nda  also  «i 
x/D  as  ia  abown  in  raf.  4. 


Fidurs  IS:  u‘-apaetra  of  opan  taat  aactiona  in  NWG 

( - ),  NWB  (-  -  -),  and  DNW  (•••••).  NoU  that 

th.  obaar  lorur  induoad  huapa  ar.  riaori  idan- 
tioal  in  all  thru  tunnola. 


Hour.  IS  daaonstralaa  that  a  oiadlui  tboudh 
waakar,  oontributioa  at  aaall  Strouhal  nuabua  can 
ba  obaanr.d  la  tha  sMtad  wall  lari  aicUon  of  tha 
NWB.  Tha  aloU  wm.  fuBy  opanod  to  U  X  of  tha 
total  wan  ama.  Tha  huap  ri  low  Strouhal  nuibara 
ta  lart.  fbr  ouril  dirianori  trom  tha  waB  and  oaaB 
far  pooltlona  la  tbs  coatar.  Tha  dacay  ia  Ihotar  far 
blNhor  Strouhal  nuabom  an  waa  pradtetod  in  iwf. 
S.  Tha  Infhianoa  at  tbs  hanayooab  oirut  xriha  eon 
ba  ooan  ia  tha  rortloity  rawtta  of  tha  opsetra  far 
y  a  -1.1  ■  and  y  x  -tMM  a.  Tha  turbulotMa  hmln 
0/V  or.  doainalad  by  th.  opaotrol  eoatributloas  at 
low  Strouhal  nuoibua  oad  or.  almri  tadopandant 
at  tha  vortfoily  laroi  Hha  ia  th.  caan  of  tha  opoa 
tori  aoethai. 


nsuro  IS:  u'-opaotra  far  dttfaraai  y  poalUana  bi 
aloltad  wiB  toot  aaetion  at  NWB.  Hoto  that  riot 
abrir  hvara  alao  teduaa  a  huap  far  oaoB 
Strouhal  auabara  oiadkr  to  opoa  tori  aaotton 
(f%.M>> 


StroW»«l  nu«0«»'.  St  •  f"0/U  — ♦ 
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a.  BvunMOB  or  moom  ownManao  cm  aouMMir  latb  nMMmoN 

HiimI—iiH  ea  tka  boimdry  hvar  tr—Mnw  am  •  prelala  aplwroid  «ar«  oarrlad  out  bj  KrapUa  at  aL 
tM)  ta  da  taai  aaoWaai  of  tha  thna  tuanalB  MIO,  aad  DM.  Tba  UanaMrm  laaaHa  wara  oonalatad 
by  IMar  at  aL  [TJ  with  turbiilaaaa  data.  Tba  prbiripat  raaiiWa  ahail  ba  rapertad  bara. 

Tha  aphaaoM  adlh  a  IiBOIh  ad  la  a  S.4  ■  ia  ahawa  aa  tha  ligM  aida  at  dtaura  IT.  Snrtaoa  hot  fthaa 


aa/(la)  at  traaatUaa  oaaat  ta  plottad  on  tha  Mt 
al^  ^  llgara  IT  aa  a  fuaetlae  at  BayaoMa 
aaahaa  Ba  a  la  U/a.  It  aaa  ba  aaaa  that  tunnal 


flrnra  IT:  BnaHtna  ad  tranattkiai  oaaat  a«/lB  ia 
bowadary  layar  of  pralota  apharoid  aa  a 
fUaetioa  ad  Bayaolda  auabar.  Nota  that 
traaaltloa  BoyaoMa  auahar  Ba  a  la  U/»  for 
a  fiaad  atallna  la/Ba  (a  horlaaatal  Haa  baa 
to  bo  foOoaad  ia  tha  plot)  dapaada  oa  toa- 
aal  aad  taat  aaetloa. 


Tha  u'-aoloeity  apaotra  od  tha  timnala  ara  plottad  ia  flaura  11  for  a  ooapariaoa  with  tha  traaotUon 
data.  Tha  aquhralant  tuaaal  itloaitor  D  for  tha  aoraaUoalioa  od  tha  traqiiaaey  ia  aaa  raplanad  by  tba 
Wnath  la  od  tha  ophirotd  Tha  apaelral  Waal  in  lha  MB  ia  rathar  Ugh  boaaiioo  tha  ■aaauraannta  naro 


tha  tranattion  Baynolda  auabar  «>lth  tha  apaotra  roaaala  that  it  eaa  ba  oorrolatad  with  tha  opactml  lava) 
(f/U*|(atI*/tf)  ia  tha  Strouhal  auabar  raaga  10  <  St  o  la  t/V  <  100.  Tha  lonar  thia  aalua  tha  bighar  ia  tba 
traaaHlon  Bayimlda  auabar  on  a  gtvoa  atatton  oa  tha  apandd.  It  aay  bo  aanttonad  that  aueb  a  oorrolaUon 
Im  not  poaolhla  with  tha  prioaura  apaotra.  Tha 


eloaad  taat  aaetton  at  tha  MB.  Tha  turbulanoa 


laral  0/V  la  htghar  ia  tha  opan  taat  aaothm, 
yat  tba  tranaHloo  oooura  at  agual  or  aUgbtly 
bigbar  Baynolda  ounbaro  whioh  oorraapoada 
with  an  agual  or  a  aUghtly  lowar  opaotral  laral 
in  tha  awatleaod  Strouhal  nunbar  laaga. 


Figuro  IS:  HorwaUaad  u‘ -apaotra  in  MOi  opan 
aad  eloaad  taat  aaetton  of  NWB  (old  aeroon)i 
and  nlooad  taat  aaetton  of  DM.  Tha  Streu- 
hal  now  bar  ia  norwaUaad  with  tha  length 
la  of  tha  apharoid.  Tha  apaetral  laral  ia 
tba  Strouhal  aunbar  ranga  10  <  St  <  100 
oorralalaa  with  tha  Baynolda  nuabar  for 
tmnaitian  onaat. 


Strouhal  nunibar,  St  •  2o/U  — ► 


Mo  traaalUon  taota  wore  earriad  out  ia  tha  opan  taat  aaetton  of  tha  DM.  Bowaror,  it  eon  ba  eondudad 
frooi  lha  eorraaponding  fraquoney  apaotra  that  tho  iranaition  BaynoMa  nunbara  will  ba  ahaeat  idantieal  in 
tha  opan  and  tha  rbiaad  taat  aactiona  daaptta  a  ratio  of  about  aaran  batwaan  tba  turbulanoa  larda. 


lb  mFLOBMOB  or  trauxoTT 


OB  TBB  MASO 


'  or  STATIO  rOBOBB  AMD  I 


Tha  aiaaauranant  of  oiotte  iOrcaa  and  nenanta  la  tepoirad  by  fluetuattoaaa  at  owd  frrquanciaa  baeauaa 
of  thair  larga  aoala.  Valoeity  fluetuattona  nay  ba  oonoldarad  to  yiald  a  quaai  ataady  raaponaa  of  a  nodal 
for  fTaquanciaa  f  <  fi.  Tha  UniUng  fOaquaney  fi.  my  ba  dofiaad  by  a  Strouhal  nunbar  Sti  :  f  L/U  <  1, 
whora  L  ia  a  typleal  longth  of  tha  nodoL  Thia  daflnttion  Inpliaa  that  fraquanriaa  that  corraapond  to  a 
wara  langtb  t  =  0/f  <  L/l  ean  ba  nogloetad  with  raapact  lo  tba  atotte  foroaa  and  noamato.  Tha  oorraapon 
ding  tunnal  Strouhal  nunbar  ia  giroB  by  St  z  st|.(D/L).  wbara  D/L  ia  typically  in  tha  order  of  1  far  an 
airetaft  if  L  ia  Ha  wiagopon. 


Blth  thooa  rahiaa  w 
auramnt  at  forcaa  and 


latatad  in  thia  Strouhal 
ef  MB  and  DM.  Tha 
Ham  a  nodal  ia  taatad 

ranoa.  Ona  hoe  to  oow 

CMt  rtHln  flMPOM  Mid  MC 


ra  eonoluda  that  tha  tunnel  Strouhal  nunbar  raaM  St  <  S  ia  hoportant  for  tha  ona- 
I  nonanta.  An  inopaetton  of  tba  apaotra  ia  flguroa  4  through  S  and  10  through  11 
■If  lha  fluetUBUng  oaorgy  ia  toot  aoeliona  that  are  dondnatad  by  rortteity  ia  oon- 
nunbar  rmaga.  Ahooot  on  onargy  la  oontalnad  below  St  :  S  ia  tha  opan  loot  aaotiona 
attaatton  gala  oraa  wuroa  if  a  onoD  nodal  ia  taalad  ia  a  large  wind  tumaL  Son^ 

I  in  rarioua  tunnoie  arilh  diftarant  iaai  aaatloB  olaae  to  iaraoUgala  tha  waB  iatorfa- 
ddor  In  ihaaa  oaooa  that  lha  tafhianea  of  roloelty  fhtolnattona  on  tha  neaaiirananta 
manta  wiB  rioa  with  tuaaal  oiaa  D  dua  to  ita  iafhionea  on  tha  HnlMng  tunnal  Slrou- 


Tha  afibet  of  Moral  rdoolly  ftaetuaUana  on  tha  flaw  aa^  fluctuationa  ahaB  ba  ooUm 
tunnel  wBh  a  eloaad  taat  aaetton.  A  typleal  turbulama  laaal  far  oueb  a  loot  oaotton  la  tt/V 
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ponding  to  on  onordp  lovol  (#AiH  ^  10**.  if  no  aoouno  tknt  oao  half  of  Udo  oatrgy  ooomo  fron  fluetu- 
•ttono  boioor  Si  s  6  wo  obtain  a  Uirbuloneo  lovol  ol  #/U  s  <U)OOT  tor  iko  quad  oUadp  nueiuaitono.  A  croot 
tootor  of  S  wonld  piald  a  nadann  of  d/U  s  O.OOS6  tor  iha  low  froquancqr  aotobiudo  of  w*.  Tbto  oorroo 
panda  to  a  nadnua  anpUliida  tor  too  largo  aoalo  aaglo  of  aitook  ftoniwatlono  of  4  s  (0/U)(ltO  dog/a)  s 
0.3S  or  a  total  bondwidlb  tor  tha  angla  of  attack  of  oa  s  0*64  dogrooa.  Tbio  lo  a  nonddorahio  fhieUi*- 
atloo  wbleb  roqulroo  anrwaging  of  tha  roadioga,  and  Ualta  tbo  produetivitj  of  a  tuanoL  Tho  diuatlon  io 
wovoo  tor  opin  toot  01011000  or  tor  toot  ooettooa  witk  alottod  waDo  In  wbiob  tbo  votodig  Duetuattono  at 
low  froquoneloo  aro  oroa  largor. 


Tbo  woloelto  unatoadteoao  In  wind  iunnolo  ia  eroatod  hj  oonirtoutlona  trtm  vorticitT  that  la  oonwooiod 
into  tbo  toot  ooction  and  by  prooouro  wavoa.  Largo  diffarancoo  of  tbo  voioeity  unatoadinooo  woro  oboorvod 
in  tbo  tbroo  tiinnola  aid  afat  dfftoront  toot  oorttono  atudtod  In  Ihla  papor.  Tbo  roaonn  tor  tbooo  dtfitoroneoo 
aro  diftoriag  oontrlbutkma  fron  vorttolty  and  prooouro  flueiuattona.  Tho  vorticity  oontributkm  to  tho 
turboiOBeo  lorol  d/CJ  of  tbo  tongHudlad  ooloeHy  fluetuatfcma  Toiioa  boiwoon  about  0.03  X  tor  tbo  0NW, 
0.04  X  tor  tbo  Kinii  and  0.4  X  tor  tbo  NWQ.  Tho  dtfforoneo  botwoon  DNW  and  MWB  can  bo  osplainod  with 
dtfforont  nnaolo  oowiraetion  ratloa.  Tbo  probablo  origin  of  tbo  largo  wartidto  lord  of  tbo  NIVO  oro  largo 
flow  aoparaUona  ia  tbo  "diffuaar  turna*  of  tbo  eireuit  (aoo  fig*ll* 

A  aurprldng  finding  ia  that  tbo  wako  boblnd  tbo  aupport  atrueturo  of  tbo  boaoyoonb  flow  otroight> 
onor  of  tbo  NWB  oentrlbutoo  oonddoroldy  to  tbo  oorticiiy  nuetuotlmo  in  tbo  toot  ooottnn  doopito  tbo  pro- 
ooaoo  of  tbroo  oeroono.  A  ■*«***»-  influonoo  woo  dotoetod  in  tbo  toot  oartiiwi  of  tbo  NWB  fron  tho  woko  of 
tbo  oeroon  ooon.  Tborotorof  oeroono  wovon  in  ono  pioeo  duMild  bo  uood  for  low  iurbulonoo  tuanolo  and  tbo 
flow  airaigbianor  abould  not  gonarato  wakoa. 

Tba  praaaiira  oonirtbuiioa  to  tka  ralooHj  unatoadiaaaa  ia  aaall  in  tba  two  eloaad  taat  aactinni  of  NWB 
and  0IIW»  but  H  la  largo  in  all  thraa  opaa  taat  aacUona  and  ia  tha  alottod  wall  iaot  aaeiion  of  NWB.  Tha 
cioiitribution  from  tba  from  ihiir  layars  of  an  opan  toot  iirtion  in  a  poaHion  x/D  s0.6»  y/D  s  a/Bs  0  ia  in 
tbo  ordor  of  d/U  s  0.16  X.  mo  lord  dopondo  on  tbo  poaltien  ond  on  o  foodbock  boiwoon  oboor  loyor  ror- 
ticoi  ond  iunnd  rionwonnio  wbiob  io  typied  tor  opon  tod  ooftttono. 

Oontrlbuttono  from  rortteity  and  proaauro  fhaetuaiioao  aro  dlatributod  dtftorontly  in  tho  froquonoy 
inwoin  Vortieity  lo  diotrlbutod  ovor  a  largo  froquoney  rango  whoroao  proaaiwi  wnvaa  diTinato  tbo  low 
froquoney  rango  if  tboy  oro  notleobla.  It  io  doomiotrotod  that  tbo  boundary  layor  traadtion  daponda  on 
tbo  roleeiiy  fhietuoiiono  ot  high  froquoneloo  which  aro  dowdnatad  by  Torticity.  A  low  vortieity  loval  ia 
naeaaaary  if  toata  ahall  ba  eorriod  out  toot  dopond  on  lawinor  turbulant  tronaition. 

Pluetuationa  at  aaadl  froquandas  influonoa  tba  foroo  aaaaurwnanta  In  a  tunnal  bacauaa  tboy  have  a 
vary  largo  oeolo.  A  tunnal  with  cioaid  taat  aaetion  gonamiaa  quad  ataady  angla  of  attack  fluetuatiooa  with 
paaka  of  *0.2  digraaa,  typically.  Tbia  fluctuation  raotrieta  too  proeiaion  of  toroo  MoouroBonto  unlooo  a 
oartaln  iniagrotlon  tbaa  is  a^ttad. 
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A  procedure  Is  described  idilch  «11o«s  the  design  of  routivciy  short  edjusteble  nozzles  without 
resorting  to  the  essueptlon  of  radlel  flow  upstreea  of  the  nozzle  Inflection  point.  This  design 
procedure  is  used  to  generete  e  nurtier  of  fully  flexible  nozzle  designs  for  a  design  Mach  nia^r  of  1.4. 
Flexible  nozzle  paraaeters  such  as  pressure  loading,  nuaber  of  actuators  and  nozzle  length  are  varied  In 
order  that  the  Influence  of  these  paraaeters  on  test  section  non  quality  aqy  be  evaluated.  The 
Influence  of  nozzle  actuator  setting  accuracy  Is  also  estiaatad.  The  paraaetric  stu^  shows  that  high 
flow  quality  can  be  achieved  for  the  shortest  nozzle  considered.  The  exaalnatlon  of  Jack  setting  errors 
shows  thet  for  well  designed  nozzles,  jack  setting  error  will  be  a  significant  source  of  test  section 
flow  non-unlforarttles. 

LIST  OF  SYWOLS 

C  -  aatrix  coefficients  which  relate  plate  wall  angles 

dSf  -  the  arc  length  between  1  and  U1  attachaent  points 

E  -  Young's  aodulus 

H  •  nozzle  exit  half  height 

I  -  second  aoaent  of  area  per  unit  width 

X  •  aatrix  of  attachaent  point  curvatures 

Xj  -  plate  curvature  at  attachaent  point  I 

L  •  length  of  nozzle  froa  throat  to  nozzle  exit 

M  -  Mach  nuriMr 

NAP  -  nuaber  of  attachaent  points 

NUP  -  nuaber  of  wall  points  at  which  the  aero^ynaalc  contour  Is  specified 

Pg  -  test  section  total  pressure 

Pi  -  the  differentlel  pressure  at  attachaent  point  1 

If  -  aatrix  of  pressure  coefficients  calculated  froa  equation  (5) 

A  •  radius  of  curvature 

At  '  radius  of  curvature  at  the  nozzle  throat 

S  -  arc  length  coordinate  aeasured  froa  the  nozzle  exit 

S|  -  the  arc  length  at  the  Inflection  point 

t  •  plate  thickness 

V  •  y  coaponent  of  velocity 

Tt  *  throat  half  height 

g  -  local  wall  angle 

-  the  wall  angle  at  the  nozzle  exit 
8l  -  the  wall  angle  at  the  Inflection  point 

'a  -  the  standard  deviation  of  the  Mach  nuaber  distribution  on  centre  line  for  the  test  rhoabus 


I.  INTAODUCTION 

The  nozzle  section  for  a  supersonic  wind  tunnel  Is  a  critical  coaponent  which  has  a  direct  effect 
on  the  test  section  flow  quality.  Inadequate  design  of  this  coaponent  can  lead  to  unacceptable  Mach 
nuaber  and  flow  angle  non-un1foralt1es.  Even  with  ^  best  design  procedures,  the  nozzle  will  generate 
SOM  nonanifomitles  in  the  test  section  due  to  the  physical  cobpnxalses  required  In  design  and  con¬ 
struction.  The  goal  of  any  design  procedure  Is  to  ainlalze  the  effect  of  the  coaproalses  required  by 
the  physical  constraints. 

Any  nozzle  design  procedure  can  logically  be  divided  Into  two  tasks.  The  first  task  Is  to  detei^ 
alne  the  Ideal  aerodynaartc  contour  for  the  nozzle.  This  contour.  If  constructed,  would  yield  a  nozzle 
which  gives  perfect  flow  unlfonrity.  The  second  task  Is  notching  the  aerodynaalc  contour  to  a  contour 
which  can  be  realistically  built  to  this  aerodynaalc  contour.  The  nature  of  the  aatchlng  process 
depends  on  the  typ*  of  nozzle  to  be  built  (e.g.  fully-flexlble,  seal-flexible,  solid  block). 

The  nest  coHonly  used  approach  to  the  problea  of  deteralning  the  Ideal  aerodynaale  contour  for  a 
two-dlannslonal  nozzle  hes  been  to  assaae  that  the  flea  froa  the  meet  of  the  nozzle  to  the  Inflection 
point  can  be  approxlaetad  by  a  radial  source  flow  (e.g.  Aeforences  l,t,)  and  4).  The  reaalnder  of  the 
contour  Is  than  usually  detanrfned  hy  eagloylng  sene  fora  of  the  aethed  of  charecterlstlcs.  Those 
design  nethods  usually  livo**  the  constraint  thet  the  siege,  cumturu,  and  rate  of  chengs  of  curvature 
be  conttnnaus  functions  for  the  csabiete  length  of  the  contour.  Augardless  of  the  Vp*  of  nozzle 
finally  choson  to  epproxlaete  the  aero4man1e  centour,  these  constraints  will  peralt  the  best  aitdilng 
betwiin  the  ectuel  physical  noule  sihm  and  the  IdMl  contour.  For  exanpla,  a  continuous  flaxlbla 
plate  noazla  cannot  acesanodata  dtscantlnultlas  In  curvature,  and  discontinuities  In  curvature  slope  are 
only  passible  at  positions  where  actuators  are  attached  to  the  plate.  Therefore,  In  order  to  achieve 
the  highest  quality  nozzle  over  a  range  of  Mach  nwbers,  uhen  actuator  locations  are  not  known  a  priori. 
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U  Is  best  to  hive  contlmraus  slope,  eurviture,  Md  rite  of  chinge  of  curviture.  These  requlreaents 
leid  to  the  concept  of  i  pirtlil  cmeellitlon  region  for  tM-dInMsIonil  nozzles.  In  this  region  Nieh 
Neves*  ire  reflected  it  pirt  stremth  froa  the  veil.  The  rite  it  ahlch  the  floM  Is  turned  it  the  nil 
Is  aore  griduil  thin  Is  necessiry  In  order  to  eincel  the  nve,  thus  peraitting  i  saooth  eurviture 
distribution.  These  concepts  for  the  solution  o*  the  nozzle  flou  field  ire  lllustrited  In  Figure  li. 

There  ire  wny  possible  ippreicbes  to  the  second  tisk  In  the  desln  process  -  the  aitchlng  of  the 
physlcil  nozzle  to  tho  iero4fniale  contour.  Test  soctfen  flou  non-unlforaltles  will  irlse  froa  slope 
alsmtches  between  the  finil  shipe  ichleved  ind  the  Ideil  lero^rnialc  contour.  Successful  mtchlng 
procedures  will  In  soia  wpv  aintalze  the  slope  errors.  Desil  end  Jiln  hive  developed  i  leist-squires 
aitchlng  procedure  which  alnltilzet  the  slope  error  it  ittichaMt  points  only.  (Reference  5).  An 
eliborite  nuaerlcil  optlalzitlon  procedure  his  ilso  been  developed  by  Vimer.  This  procedure  requires 
the  cilculitlon  of  the  nozzle  exit  flow  uniforalty  for  aiqy  Iteritlons  In  order  to  optlalze  nozzle 
piriaeters  such  is  ictuitor  mMber  ind  position  (sic  tefemnee  6). 

The  ipproich  to  lerodynaslc  contour  design  described  ibove  yields  relitively  long  nozzles.  This 
long  length  irises  beewse  i  region  of  full  pirtlil  cincellitlon  Is  Included  end  ilso  bcciuse  aodente 
throit  curvitures  ire  used.  Throit  curvitures  aist  net  be  too  severe  In  order  thit  the  ridlil  flow 
issaivtlon  Is  not  violited. 

In  this  piper  i  aethod  Is  presented  which  peralts  the  design  of  shorter  high  quillty  nozzles  thin 
would  be  possible  using  the  tridltloml  design  ipproich.  The  developaent  of  this  aethod  wis  stlaulited 
by  the  requireaent  to  retrofit  in  ixisting  trinsonlc  fictlity.  which  his  i  sial'flexible  nozzle,  with  i 
fully-flexible  nozzle.  Both  present  ind  nur-future  test  requlreaents  will  plice  heivy  m^sls  on  the 
trinsonlc  speed  reglae  ind  therefore  this  piper  will  focus  on  nozzle  design  for  the  upper  trinsonlc  (or 
lower  supersonic)  mch  nuabers.  The  physicil  constriints  thit  ire  l^iortint  In  the  design  of  i  nozzle 
will  be  discussed  ind  the  effect  of  these  constriints  on  test  section  flow  quillty  will  be  explored. 

2.  NOZZLE  DESIGN  CONSTRAINTS 

The  aethod  presented  here  for  the  cilculitlon  of  the  lerodynmlc  contour  cm  be  mtehed  to  iny 
type  of  construction  for  the  physicil  nozzle  (e.g.  solid  nozzle  blocks,  seal-flexible  nozzle,  fully- 
flexible  nozzle).  However  only  s  fully-flexible  configuritlon  will  be  explored.  The  pKysIcil  piri- 
aeters  which  will  effect  nozzle  shipe  end  the  closeness  of  the  aitch  to  the  lerodynialc  contour  ire: 

*  The  length  ivillibic  for  the  nozzle 

*  The  nuaber  of  ictuitors 

*  The  nuaber  of  ittichaent  points 

*  The  plite  stiffness 

The  plate  used  to  fora  the  contoured  wills  of  the  nozzle  will  take  up  the  shape  of  an  elastic  bean 
between  ittichaent  points.  This  shipe  can  never  aitch  i  given  lerodynaalc  shape  perfectly  and  this 
alsaitch  will  cause  Mich  nuaber  and  flow  angle  non-unlforaltles  at  the  nozzle  exit.  The  shape  of  this 
plate  Is  set  by  the  actuators  and  the  end  conditions.  Two  downstreaa  end  conditions  arc  noraally 
eaployed;  a  built-in  end  or  one  that  Is  hinged.  The  hinge  angle  would  be  set  by  an  actuator  designated 
for  that  purpose.  The  upstrein  end  condition  Is  usually  a  hinged  slider.  A  typical  fully  flexible 
nozzle  design  Is  shown  In  Figure  2.  Note,  that  to  alnlartze  Interaction  with  the  throit  region,  the 
hinged  slider  should  be  placed  well  upstreaa.  Into  i  region  of  effectively  Incoapressible  flow,  without 
local  flow  separation. 

The  actuators  aiy  be  attached  to  the  plate  through  a  single  pin  ittichaent  or  through  a  two  point 
attachaent  known  as  a  whiffle-tree.  Only  single  pin  attachaents  will  be  considered  here  and  thus  the 
nuaber  of  ittichaent  points  and  the  nuaber  of  actuators  will  be  equal. 

As  the  length  of  the  plate  Is  Increased  and  the  nuaber  of  actuators  Is  Increased  for  a  given  Mach 
nuaber  and  test  section  size,  the  aitch  to  the  aerodynialc  contour  will  l^>rove  and  therefore  test 
section  flow  quality  will  laprove.  However,  the  cost  of  the  nozzle  will  also  Increase,  so  the  final 
object  of  any  nozzle  design  exercise  will  ilwiys  be  to  produce  a  nozzle  with  the  alnlaua  costs  that  aeet 
the  flow  quality  requireaent.  This  then  translites  to  a  nozzle  with  alnlaua  length  and  the  alnlaua 
nuaber  of  actuators  and  attachaent  points. 

There  ire  also  pricttcil  aspects  of  nozzle  construction  which  aust  be  considered  when  specifying 
flow  quality  *nd  deslmlng  the  nozzle.  There  will  be  a  finite  achievable  actuator  setting  accurtcy  and 
In  soae  Instances  this  aay  be  the  Halting  constraint  which  finally  detenrines  the  flow  uniforalty 
achievable.  Other  factors  which  aay  be  very  difficult  to  control  Include  teaperiture  effects  on  the 
structure  and  deforantlon  of  the  plate  In  the  cross-streaa  direction. 

3.  NOZZLE  DESIGN  ICTHOO 
3.1  Aero^rmalc  Contour 

As  described  above,  ainy  aethods  that  have  been  used  In  the  pixt  to  calculate  an  iero<lynaa1c 
contour  de^nd  upon  the  ats«M>t1on  of  radial  flow  froa  the  throat  to  the  Inflection  point.  This 
assus^tlo*  will  aost  probably  be  valid  If  the  contour  Is  gradual  and  the  throat  curvature  Is  saall.  If 
the  nozzle  Is  to  be  aida  short,  thus  requiring  higher  throat  curvatures,  the  radial  Dow  assuaptlon  suy 
not  provida  an  adequately  accurate  starting  point  for  the  solution  of  the  supersonic  flowfleld  down- 
streaa  of  the  nozzle  Inflection  point.  Because  of  this  concern.  It  was  decided  to  use  the  sltqtle  saall 
perturbation  solution  of  the  transonic  flow  In  tiio  threat  rt^on  developed  by  Sauer  (Reference  7). 
Although  It  has  bean  shown  that  this  solution  Is  unrealistic  for  a  saall  throit  radius  of  curvature 
(Rg/Tt  <2.0,  MufOrence  8),  this  solution  should  be  adequately  accurate  for  the  curvatures  which  are 
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prietletl  for  i  fltxlblo  pitte  nozzit.  Cvrvotaro  irtll  typically  bo  Hatted  by  plate  straasea:  In  the 
praaant  atu^y  the  aaalleat  throat  radlua  of  eurvatiira  la  about  3.34  throat  half  helphta. 

Thia  aoltttloa  to  the  tremoele  flou  preblea  la  uaed  to  deteraliie  the  flou  field  In  the  throat 
reploA.  The  ahape  of  tiie  nozzle  aell  bataaan  the  throat  and  taflactlon  point  la  apeciflad  aa  a  daatgn 
Input,  toy  aaooth  ahape  could  be  uaed  aa  long  aa  uarlatlaa  of  the  nail  angle  at  the  Inflection  point 
la  poaalble.  Only  folly-flexible  nozzlea  are  coealdared  here  and  thua  a  mil  ahape  uhlch  can  be 
perfectly  uatched  by  a  flexible  plate  ma  choaen  far  thta  portion  of  the  mil.  The  appropriate  ahape 
ia  that  of  a  cubic  apllne  curve.  A  aingle  apllna  la  uaed  batman  throat  and  Inflection  point.  For 
thia  Initial  curve  the  throat  radlua  of  curvature,  the  arc  length  batman  the  throat  and  the  Inflection 
point  and  the  mil  angle  at  the  Inflection  point  are  very  aluply  related.  Thia  relattonahtp  fa 

Si-«t«i  (1) 

To  deterarine  the  aerorbmaufc  contour,  either  the  arc  length  or  the  throat  curvature  will  be  fixed. 
The  other  tm  perauetera  are  varied  until  the  required  nozzle  Nach  numer  fa  achieved.  For  the  dealgn 
point  contoura  the  throat  radlua  of  curvature  would  noreally  be  fixed  at  the  ulnlnun  poaalble,  detcr- 
nlned  by  flexible  plate  atreaaea.  Thia  will  give  the  ahorteat  St  for  that  contour.  For  the  off 
dealgn  Hach  mabora  the  are  length  (Sj)  would  be  aelected  to  coincide  with  actuator  apaclnga  In  auch 
a  way  that  off-dealgn  Nach  nuuber  flow  quality  la  optiulzed. 

The  uethod  of  characterlatica  algorlthu  given  by  Zuekrow  (Reference  8)  la  uaed  to  aolve  the  nozzle 
flow  field  frou  nozzle  throat  to  Inflection  point.  The  ahorteat  nozzle  will  be  that  for  which  there  la 
no  partial  eaneelletlon  region.  Thia  will  reault  In  a  diacontinulty  In  curvature  which  In  turn  will 
pro^e  nozzle  exit  non-unlferaritlet  when  the  flexible  plate  la  uatched  to  the  aerodynaulc  contour. 
Theae  non-unlforultlea  uey  be  within  the  apeciffed  flaw  quality  and  thia  could  be  a  valid  dealgn 
approach.  For  the  caae  with  no  partial  cancellation,  the  nozzle  exit  Nach  nuuber  will  be  achieved  on 
the  nozzle  centre  line  at  the  end  of  the  Initial  expanalon  region.  (Point  b  In  Figure  lb).  The  apllne 
curve  arc  length  and  Inflection  point  angle  -  theae  two  perauetera  are  not  Independent  -  are  Iterated 
on  until  the  dealgn  Nach  nuUber  la  achieved.  At  each  Iteration  the  throat  flow  field  and  auperaonic 
flow  field  la  recalculated. 

For  the  caae  where  a  region  of  partial  cancellatim  la  dealred,  the  Nach  nuuber  at  point  b  w111  be 
leaa  than  the  nozzle  exit  Hach  nuuber,  and  the  centre  line  Nach  nuuber  will  continue  to  Increaae  until 
point  d  (a  reached.  In  thia  caae  It  la  the  Nach  nuuber  at  point  d  which  la  Iterated  on  In  order  to 
deterulne  the  wall  angle  at  the  Inflection  point.  The  uethod  of  characterica  aolut^on  la  carried 
formrd  to  charecteriatlc  cd  every  Iteration.  The  mil  contour  between  polnta  a  and  c  la  detemtned 
frou  a  apecifled  rate  of  change  of  wall  curvature.  The  rate  of  change  of  curvature  for  the  apllne 
(throat  to  point  a)  la  a  conatant  and  the  rate  of  change  of  curvature  for  the  partial  cancellation 
region  la  apecifled  aa  aoue  fraction  of  the  curvature  alope  for  the  apllne.  The  wall  contour  In  thia 
region  la  then  calculated  at  each  point  where  a  character! atic  Intercepta  the  wall  by  Integrating  the 
apecifled  curvature  diatrlbutlon. 

The  wall  contour  In  the  full  cancellation  region  la  then  detemlned  by  carrying  the  uethod  of 
characterlatica  forward  to  the  end  of  the  nozzle  and  applying  the  equation  of  continuity  to  find  the 
wall  coordinatea. 

Thia  approach  to  the  dealgn  of  the  aerodynaulc  contour  will  give  a  diacontinulty  In  curvature 
alope  at  the  end  of  the  partial  cancellation  region.  The  uethod  a1ao  provides  a  high  degree  of 
flexibility  In  specifying  the  throat  to  Inflection  point  contour.  For  a  fully  flexible  nozzle  the 
highest  flow  quality  will  be  achieved  If  an  actuator  Is  attached  to  the  plate  at  the  point  where  the 
curvature  slope  discontinuity  occurs.  Because  of  the  flexibility  In  the  design  procedure  It  Is 
possible  to  achieve  this  for  a  faully  of  contours  that  would  be  set  using  the  aaue  flexible  nozzle. 

This  dealgn  uethod  has  been  developed  with  the  dealgn  of  fully  flexible  nozzlea  In  wind,  however, 
the  sane  uethod  could  readily  be  uaed  for  the  design  of  other  types  of  nozzles.  The  use  of  Sauer's 
solution  for  the  transonic  flow  Units  the  throat  radius  for  curvature  to  Rt^t  Homver,  If 

amller  radii  of  curvature  are  dealred  a  higher  order  throat  solution  could  readily  be  Incorporated 
Into  the  design  uethod  (e.g.  References  9  and  10). 

3.2  Boundary  Layer  Growth 

Once  the  Inviacid  aero^rnaulc  contour  has  bean  deterarined.  It  la  necessary  to  deterulne  the  nozzle 
boundary  layer  groirth  and  correct  the  nozzle  ahapa  for  the  effects  of  boundary  layer  growth.  The  noat 
couuon  practice  Is  to  add  1  or  2  diaplacemnt  thlckneaaea  ((  )  to  the  y  coordinate.  The  addition  of 
21  coupensatea  for  the  boundary  layer  growth  on  the  aide  mils  of  the  nozzle  and  the  contoured 
walla.  Correcting  for  the  diaplaceuent  effects  of  the  boundary  layer  ensures  that  the  design  Nach 
nuuber  Is  achieved  but  docs  not  necessarily  ensure  that  the  flow  quality  objectives  are  not  couproulaed 
by  the  effects  of  boundary  layer  growth. 

Very  few  attaupts  have  been  mdo  to  develop  a  boundary  layer  correction  procedure  which  ensures 
that  no  additional  flow  disturbances  are  Introduced  by  t1><  correction  procedure.  Using  the  dlsplace- 
uent  thidineaa  does  not  account  for  the  mnner  In  ithl^  the  Inviacid  min  flow  Interacts  with  the  shear 
layer.  Tucker  (Reference  11)  derived  a  theoretical,  reflection  thlckn^s  (with  mny  alupllfylng  aaauup- 
tlona)  but  ma  unable  to  deterarine  If  this  was  superior  to  using  i  to  correct  the  contour.  This 
particular  aspect  of  nozzle  dealgn  requires  further  Investigation. 

The  effect  of  the  boundary  layer  correction  procedure  used  la,  homver,  likely  very  amll,  aa  the 
correction  ahould  not  change  the  aerodynaulc  contour  curvature  distribution  significantly.  It  ma 
decided  here  to  correct  the  contoura  using  2<  . 
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3.3  ItateMiig  th*  taro^riiMle  Contour  to  tho  FloxIMo  note 

Although  tho  floxlblo  plito  for  a  fully  floxIbU  ooxxlo  ulll  oxtood  upttroau  past  tho  nozzio 
throat  to  fona  part  of  tho  eontraetton  that  faadi  tho  tupcrtoiric  nozzio.  It  It  only  tho  tuportonlc 
portion  of  tho  contour  that  will  ha«a  a  significant  offaet  an  nozzio  oxit  flow  quality.  For  throat 
radii  of  curvatum  appropriate  far  fully  floxlblo  nozzlat,  tho  thapo  of  tho  sonic  lino  will  depend 
prlnaiily  on  tho  throat  radius  of  curvatara.  All  that  Is  roquirod  of  the  subsonic  portion  Is  that  It 
fairs  Into  tho  fixad  contraction  Ond  that  tho  subsonic  contour  natch  the  tuportonlc  contour  at  tho 
throat.  The  subsonic  contour  should  of  course  accolerata  the  flow  saoothly  and  not  causa  any  flow 
saparatlens.  Providad  those  criteria  am  achieved,  chaapH  in  tho  subsonic  contour  will  not  offset  tho 
supersonic  flow  field. 

Thomfom,  In  order  to  ensum  good  flow  quality.  It  Is  pmferable  to  use  a  utehing  procedum 
which  only  considers  that  part  of  the  flexible  nozzle  between  the  throat  and  the  nozzle  exit.  The 
least-squams  natchlng  procedum  described  In  leferenec  $  has  baen  extended  to  provide  a  nom  optinized 
natch.  This  procedum  Is  an  analytical  procadum  which  nininizot.  In  the  least  squares  sense,  the 
slope  nlsnatch  errors  at  all  of  the  contour  points  detenaincd  during  aero4fnantc  contour  design. 

Tho  flexible  plats  Is  appmxlnatad  as  a  sinpio  bean  with  the  actuatem  attached  through  pin 
connactlons.  It  Is  assunad  that  the  actuators  act  nomal  to  the  plate  sveiywhem  and  that  nonants  am 
only  tmnsnltted  to  the  plate  at  the  nozzle  exit  (1.*.  a  built-in  and  condition).  Only  the  region  fron 
Just  upstroan  of  tho  throat  to  the  nozzle  exit  Is  Input  Into  the  natchlng  process.  After  natchlng  Is 
conpletad,  the  subsonic  actuators  will  be  set  so  that  a  snooth  contour  msults  and  the  throat 
curvatums  and  dlsplacenant  detenalned  during  the  natch  Is  nalntalned.  The  curvatum  distribution  for 
the  plate  will  bo  ploce-wlso  linear  as  a  function  of  the  arc  length  providad  the  change  In  plate  angle 
Is  snail  betwaon  attachnant  points  and  tho  pmssum  toads  am  negligible.  The  plate  angle  at  aqy  point 
nay  bo  ommssed  as  a  function  of  the  curvatums  at  the  attachnant  point  by  Integrating  the  at  yet 
unknown  pfeca-wlte  linear  curvatum  distribution. 
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Sona  of  the  nonenelatum  used  In  the  above  equation  Is  Illustrated  In  Flgum  3.  Equation  (2)  nay 
be  written  for  each  of  the  dlscmta  arc  lengths  detenalned  for  the  aertwlynanlc  contour.  The  right  hand 
side  of  aquation  (2)  auiy  then  be  set  equal  to  the  rewired  wall  angles  fron  the  aerobynaaric  contour. 
The  attachnant  point  locations  ($f)  have  baen  speclrlad,  only  the  attachnant  point  curvatums  am 
unknowns  In  equation  (2).  In  practise  there  will  be  nany  nom  calculated  points  on  the  aerodynanie 
contour  than  them  am  attachnant  points  and  therefore  an  overdetenalned  set  of  equations  will  have 
been  femad. 


Equation  (2)  nay  be  written  conveniently  In  natrix  fom, 
CC]  X  [K]  .  [A] 
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This  overdetamlned  set  of  equations  nay  be  solved  In  the  least  squares  sense  to  nininize  the 
difference  between  the  aerodynanie  wall  angles  and  the  plate  angles.  The  result  Is, 
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Once  the  attachnant  point  curvatures  have  been  calculated  It  Is  a  straightforward  task  to  Inte¬ 
grate  the  plate  curvature  distribution  to  detemlne  flexible  plate  coordinates. 


The  effect  of  pressure  loads  on  the  plate  shape  nay  also  be  Included  In  the  least  squares 
optlartzatlon  of  plate  shape.  This  Is  easily  done  If  the  pressure  distribution  Is  approxiMted  as 
linear  betwoen  attachnent  points.  Applying  the  conditions  of  static  equlllbrlun  to  a  section  of  the 
plate  givas  tho  following  oxpmsslon  for  plate  wall  angle  between  the  1  and  HI  attachnent  points. 
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In  tiMM  miunttons  Pf  U  tiM  prassur*  at  tha  attadatnt  point  locations  datonrinad  fraai  the 
aarodynaartc  contour  calculation.  CoAlnInp  equations  (S)  and  (2),  rearranging,  and  uriting  In  aatrix 
fom  glues, 

[C]  X  [K]  •  CP]  -  [aP]  (6) 

In  this  equation  the  dP  aatrix  Is  knoun  for  tha  aero^maafc  contour  mil  points  and  the  coeffi¬ 
cients  of  this  aatrix  any  be  deteralned  froa  equation  (S).  Equation  (6)  Is  Identical  to  equation  (3) 
except  that  the  right  hand  side  has  been  aodifled  by  the  effect  of  the  pressure  distribution.  This 
overdetenrined  set  of  equations  aqy  be  solved  In  the  least  squares  sense  as  described  above. 

4.  EFFECT  OF  NOZZLE  PMMETER  VARIATION  ON  FLOW  QUALITY 

The  quality  of  a  nozzle  can  be  assessed  by  solving  the  flowfleld  for  the  final  nozzle  shape.  The 
aethod  used  here  to  solve  tha  nozzle  floufleld  Is  slallar  to  the  analysis  used  In  design.  Sauer's 
saall  perturbation  solution  Is  applied  to  start  the  aethod  of  characteristics  solution  for  the  super¬ 
sonic  flow.  Viscous  effects  could  be  Included  In  the  analysis  by  calculating  the  boundary  layer  for 
the  applied  pressure  field  and  Invlscld  flow.  The  contour  would  be  adjusted  by  the  dlsplacaaent 
thickness  and  the  Invlscld  flow  deteralned  for  the  new  shape.  The  core  solution  and  boundary  layer 
solution  would  be  repeated  until  the  solutions  converge.  However,  this  Is  only  a  second  order  effect 
coaparable  with  other  Influences  heretofore  Ignored  (e.g.  sidewall  flow  Interactions).  Thus,  all  such 
viscous-inviscid  flow  Interactions  arc  not  considered  In  the  present  analysis. 

A  design  study  was  conducted  using  the  design  and  analysis  procedure  described  above  In  order  to 
evaluate  the  effects  that  varying  such  design  paraaeters  as  nozzle  length,  nuaber  of  actuators  and 

pressure  loads  alght  have  on  test  section  flow  quality.  A  Nach  nuaber  of  1.4  was  selected  for  the 

design  point  for  the  nozzle.  Aerodynaalc  contours  mre  developed  for  the  throat  radii  of  curvature 
given  In  Table  1.  This  table  also  shows  the  nozzle  lengths  that  resulted  froa  these  choices  of  throat 
curvature.  The  partial  cancellation  region  was  deteralned  as  described  In  Section  3.0.  For  all  of 
these  contours  the  rate  of  change  of  curvature  was  kept  constant  froa  the  nozzle  throat  to  the  end  of 
the  partial  cancellation  region.  It  would  be  possible  to  produce  shorter  nozzles  by  reducing  or 
ellninating  the  region  of  partial  cancellation.  Homver,  particularly  for  the  h1^  throat  curvature 

nozzles,  the  reduction  In  length  will  be  saall  and  the  aatch  between  aerodynaanc  contour  and  the 

flexible  plate  will  be  worse. 

TABLE  1:  Aerodynaalc  Contour  Lengths 


Rt/H 

L/H 

3.0 

2.31 

4.0 

2.5$ 

S.O 

2.97 

10.0 

3.5 

IS.O 

4.14 

20.0 

4.53 

2S.0 

5.12 

The  curvature  distributions  for  these  contours  are  plotted  In  Figure  4  and  the  contours  are 
plotted  In  Figure  S.  The  extent  of  the  partial  cancellation  region  Is  Indicated  on  the  curvature  plots 
by  the  extent  of  linear  curvature  downstreaa  of  the  Inflection  point.  Note  that  for  the  short  nozzle 
the  partial  cancellation  region  Is  very  short,  yet  there  are  no  discontinuities  In  curvature.  These 
design  contours  were  used  to  generate  a  nuaber  of  different  flexible  nozzle  designs  for  which  actuator 
placeaent  and  nuaber  were  varied. 

4.1  Effect  of  Nozzle  Length 

The  efect  of  nozzle  length  on  flow  quality  ms  exaalned  by  aatching  the  aero^maalc  contour  to  the 
flexible  plate  using  three  actuators.  These  three  actuators  mre  placed  at  what  was  thought  to  be 
optlaua  positions  for  each  contour.  These  positions  mre  at  the  nozzle  throat,  the  end  of  the  partial 
cancellation  region  and  artteay  between  the  end  of  the  partial  cancellation  region  and  the  end  of  the 
nozzle.  In  order  to  Isolate  effects,  pressure  loads  mre  not  Included  In  the  mtching  or  In  the 
analysis.  Flow  quality  was  estimted  by  calculating  the  standard  deviation  of  the  Nach  nuuber 
distribution  over  the  centre  line  of  the  test  rhomus  (see  Figure  lb)  using  the  predicted  Nach  nuuber 
distribution  for  the  achieved  plate  shape. 

The  results  of  this  analysis  are  shown  In  Figure  6.  As  would  be  expected  the  Nach  nuuber 
deviations  decrease  with  Increasing  nozzle  length.  The  plot  also  shorn  that  the  achievable  Nach  nuaber 
deviations  approach  atyuptotlcally  a  value  of  about  a  '^0.0002.  There  Is  little  to  be  gained  by 
Increasing  nozzle  lengths  to  mre  than  4.0  test  section  half  heights. 

4.2  Effect  of  Nuaber  of  Actuators 

Nozzle  lengths  of  L/)H2.56  and  L/IH4.I4  mre  selected  for  the  purpose  of  exaartning  the  effect  of 
actuator  nuuber.  The  placeaent  of  actuators  was  deterartned  ty  exaialnlng  the  curvature  distributions 
for  the  aerodynmlc  contour  and  chooslno  locations  iNilch  would  allow  the  plecawlse  linear  curvature 
distribution  of  the  plate  to  best  approximta  tha  curvature  distribution  for  the  aerodynaalc  contour. 
The  placauent  of  actuators  used  for  the  L/II>2.$C  contour  Is  tuaaaiized  In  Figure  7. 

The  standard  deviation  of  the  test  section  Nach  nuaber  distribution  for  these  two  contours  arc 
plotted  In  Figure  >.  This  figure  shows  that  even  for  tha  shortest  nozzles  high  flow  quality  can  be 
achieved  given  sufficient  control  of  flexible  plate  shape. 
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It  Is  lisa  that  given  i  Imgtr  contour  there  Is  little  benefit  to  Increasing  the  malwr 
of  actuators.  This  Is  only  trua  of  course  If  there  Is  no  pressure  load  effect.  Pressure  loads  nay 
require  additional  attachamts  In  order  to  adequately  support  the  piste. 

4.3  Effect  of  Pressure  Loads 

The  effect  of  pressure  loads  for  a  given  nozzle  with  a  given  actuator  distribution  nay  be  cod>1ned 
with  plate  stiffness  Into  a  single  paraaeter.  The  Bitching  process  was  used  for  a  nuriwr  of  plate 
stiffnesses  and  the  pressure  distribution  generated  during  iero4rnaa1c  contour  design.  This  would  give 
the  optlauB  actuator  extension  for  each  condition.  The  results  of  the  analysis  are  presented  In 
Figure  9. 

It  was  found  that  an  additional  actuator  should  be  placed  between  the  nozzle  throat  and  the  end  of 
the  partial  cancellation  region.  Although  these  actuators  were  not  required  for  the  cases  with  no 
pressure  loads.  It  was  found  that  the  tong  unsupported  span  In  this  region  gave  unreasonable  deflec¬ 
tions  when  pressures  were  applied. 

The  different  slopes  for  the  long  and  short  nozzles  seen  In  Figure  9  arc  largely  a  function  of 
actuator  spacing.  The  aorc  closely  actuators  are  positioned,  the  less  will  be  the  effect  of  changing 
plate  stiffness  or  pressure  loads. 

4.4  Optinua  Nozzle 

The  selection  of  an  optlaai  configuration  requires  the  consideration  of  flow  quality  achieved  and 
nozzle  cost.  For  longer  nozzles  actuator  spacing  will  be  deteralned  by  the  effect  of  pressure  loads. 
The  nuaber  of  actuators  required  to  reduce  pressure  effects  to  tolerable  levels  could  be  far  In  excess 
of  that  required  to  achieve  a  good  astch  without  air  loads.  The  analytical  stu^y  presented  above  shows 
that  the  shortest  nozzle  with  about  six  actuators  should  give  the  best  coaproalse.  Provided  pressure 
loads  are  not  too  high  (e.g.  h-O.S  a,  t-.OlS  a,  Po*^  bars)  a  'p  of  about  O.OOI,  froa  Batching 
error,  should  be  achievable. 

The  curvature  distribution  for  the  flexible  plate  and  aerodynialc  contours  are  coapared  for  no 
pressure  loads  In  Figure  10  and  aatchlng  errors  arc  shown  In  Figure  II.  The  Hach  nuaber  distribution 
on  test  section  centre  line  for  this  case  Is  shown  In  Figure  12.  The  curvature  coaparlson  Is  repeated 
for  pressure  loads  corresponding  to  Po*6  bars,  h«0.8  a,  and  t‘0.015  a  In  Figure  13.  A  high  pressure 
loading  has  been  used  In  this  case  to  show  aore  clearly  the  effect  pressure  loading  has  on  the  plate 
curvature  distribution. 

The  analysis  used  In  this  paper  Is  an  Ideal  Inviscid,  two  dlaenslona)  analysis.  There  are  aany 
factors  not  considered  In  the  analysis  which  will  affect  the  flow  uniforalty  that  can  be  achieved  with 
a  given  nozzle  design.  These  factors  will  Include: 

*  Actuator  positioning  accuracy 

*  Teqperature  differences  causing  elastic  deforaatlon  of  the  structure 

*  Three  dlwnslonal  flow  effects 

*  Distortion  of  the  plate  In  the  cross-streaa  direction  (antlclastlc  deflection) 

Soai  of  these  effects  are  very  difficult  or  laposslble  to  aodel  aathaaitlcilly.  For  a  properly 
designed  facility,  three  diaenslonal  flow  effects  on  flow  quality  should  be  negligible  coapared  with 
the  other  factors.  Except  for  testing  at  cryogenic  teq>eratures,  the  taaperature  effects  should  also 
be  ssMlI.  The  effect  of  antlclastlc  deflection  of  the  plate  Is  very  difficult  to  estlaatc  and  no 
attaapt  Is  aida  to  do  so  hen.  This  distortion  can  be  alnlalzed  through  proper  aechanfcal  design  but 
It  could  still  have  a  significant  Is^ct  on  test  section  flow  quality-  Actuator  positioning  accuracy 
Is  laenable  to  analysis  and  will  be  considend  In  the  next  section. 

The  test  of  a  aodel  In  the  upper  transonic  speed  range  will  In  general  be  carried  out  using  a 
ventllated-wall  transonic  test  section  which  Is  In  tandea  with  a  supersonic  nozzle.  These  walls  will 
cause  flow  perturbations  which  are  usually  greater  than  those  resulting  froa  a  well-designed  nozzle. 
Thus  care  should  be  taken  when  specifying  flow  uniforalty  requireaents  for  a  supersonic  nozzle  In  the 
upper  transonic  speed  range  —  In  aany  cases  the  requireaents  can  be  relaxed,  without  adversely 
affecting  the  flowfleld  In  the  vicinity  of  the  aodel  to  that  the  cost  of  the  nozzle  Is  not  needlessly 
driven  up. 

5.  ACTUATOR  POSITIONING  ACCURACY 

The  ability  to  position  adjustable  nozzle  actuators  with  a  high  degree  of  accuracy  Is  as  lipportant 
In  detaralnlng  final  nozzle  exit  flow  ouillty  as  aqy  other  aspect  of  design  or  construction.  An 
estlaate  of  positioning  requlraaents  aqy  be  obtained  froa  saill  perturbation  theory.  $m11  changes  In 
test  section  Hach  nuaber  can  be  related  to  saill  changes  In  '-vll  angle  by  the  following  equation: 


M(1  +  Iji  N*) 
-  1 


OH  - 


(7) 
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TIm  top  Mid  bottoa  Mil  ictMtors  for  «  floxtblo  plot*  design  will  nonMily  be  linked  together 
Mcbonicelly.  Therefore  the  top  end  bottoa  veil  ictuetors  should  produce  the  seae  setting  error. 


For  this  ctse 


AM 


2M(1  +  M^) 


(8) 


The  order  of  atgnitude  of  chonge  In  m11  angle  at  a  given  point  resulting  froa  alss-settlng  an 
actuator  can  be  estlaatod  froa  the  rotation  of  the  chord  line  betuncn  tao  attachaent  points.  This 
together  ulth  aquation  (8)  ms  used  to  generate  Figure  14.  In  this  figure  kSf  Is  the  spacing  between 
actuators  and  bYf  In  the  error  In  actuator  setting.  The  li^lled  tolerance  on  actuator  setting 
accuracy  froa  this  figure  Is  quite  severe.  For  exaaile  for  Mxinua  deviations  In  test  section  Nach 
nuaber  of  0.001.  mi. 4,  4Sf*400  m.  an  actuator  setting  accuracy  of  0.1  na  Is  required. 

Setting  accuracies  greater  than  0.1  m  are  very  difficult  to  achieve  even  for  the  aost  Hssive  and 
coaplex  design  of  actuator.  An  actuator  spacing  of  400  an  or  less  would  be  typical  for  a  flexible 
nozxle  test  section  of  t.S  aetres  In  height.  Therefore  a  alnlaui  test  section  flow  perturbation  of  the 
order  mo.OOl  can  be  expected,  froa  actuator  setting  errors  alone,  for  this  size  of  facility.  As  a 
given  nozzle  design  is  sealed,  the  requlraaants  for  setting  accuracy  will  scale  as  well  and  thus  for 
very  large  facilities  actuator  setting  accuracy  aqy  not  be  a  critical  consideration. 

As  actuator  spacing  Is  decreased  the  effect  of  alss-settlng  actuators  on  nozzle  exit  flow  non- 
unlforaltles  Increases.  HoMver  decreased  actuator  spacing  gives  l^iroved  theoretical  control  of  plate 
shape  and  thus  laproved  predicted  flow  quality.  There  will  be  soae  optlnua  spacing  which  naxinizes 
flow  quality  when  all  of  the  Influences  on  flow  quality  are  considered. 

6.  CONCLUSIONS 

The  techniques  presented  In  this  paper  permit  the  design  of  relatively  short  adjustable  nozzles 
that  give  high  flow  quality.  Through  proper  design  It  is  possible  to  reduce  test  section  flow 
non-uni foral ties  arising  froa  design  constraints  to  very  low  levels.  For  aoderate  pressure  loadings, 
values  of  *ff  of  less  than  0.001  should  be  achievable  froa  the  (theoretical)  Mtching  standpoint. 

There  are  aaqy  potential  sources  of  test  section  flow  non-unlforaltles  other  than  those  Inherent 
In  the  design.  These  sources  can  generate  flow  disturbances  which  are  larger  than  the  flow  non- 
unlforaltles  that  arlsa  froa  the  alsaatching  which  always  occurs  between  the  aerodynaalc  design  contour 
and  the  design  flexible  plate  contour.  A  doalnant  source  of  flow  non-uni foral ty  Is  the  alss-settlng  of 
nozzle  Jacks.  An  estlaete  of  the  effects  of  setting  errors  has  been  aade  and  these  are  unlikely  to  be 
saaller  than  AH'O.OOl. 
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An  onaolnd  offort  to  davolop  a  tranaoalo  wind  tuuMl  boondarp  oorraotlon  prooadura  la 
raportod.  Tha  poal  la  a  boundair  oorraotlon  prooadura  applleabla  to  vontllatad  tost 
aootlona  fron  aubaonlo  throuph  tranaoalo  HaOh  nnobara.  'Boandarp  oorraotlon'  la 
dlatlnpulahad  froa  'vail  oorraotlon'.  Boondarp  oorraotlona  eontaln  wall  oorraotlona,  but 
alao  contain  nodal  aupport,  and  other  tunnal  dapandant  eorractlona.  Tha  approaoh  taken 
uaaa  CIO  (Conputatlonal  Fluid  Dpnanloa)  with  naaaorad  boundarp  oondltlona  to  provide 
oorraotlona  at  a  few  polnta  la  tha  teat  anvalopa.  Coavaatlonal  alnllarltp  prlaelplaa  and 
raaraaalon  taohnlquaa  are  need  to  antand  tbaaa  oorraotlona  ovor  tha  full  teat  ranpa.  To 
provide  anparlnantal  data  needed  for  davalapnant  and  validation,  a  wind  tunnel  teat 
propran  waa  Initiated.  A  eat  of  four  wlnp'bodp  nodala  ware  built.  Modal  alaa  waa  varied 
while  nalntalnlng  praoiae  pacnatrlo  alnllarltp.  Tha  thraa  aawllaat  nodala  ware  taatad 
fron  Haoh  0.6  to  1.2  In  a  anall  (1  ft.  x  1  ft.  oroaa-aaotlon)  tranaonlo  tunnel. 
Prellnlnarp  taatlnp  of  tha  two  larpaat  nodala  waa  eoaonpllahed  la  a  larpar  (d  ft.  a  4  ft. 
oroaa-aaotlon)  tunnal.  Bxtanaiva  boundarp  praaaura  data  were  naaaurad  In  both  tuanala. 
Tppieal  raaulta  of  thaaa  taata  are  reviawad,  and  tha  need  for  additional  axperlnantal 
effort  Idantlflod.  Tha  oonputational  effort  la  In  propmaa.  Statua,  intarin  raaulta,  and 
future  plana  are  dlaouaaed. 

t  iMfnnneTiQM 

Ho  penarallp  aooaptad  or  proven  nethod  la  available  to  eorreot  tranaonlo  wind  tunnel 
data  for  boundarp  Intarfaranoa  affaota.  aowever,  recent  advanoea  in  CFD,  oonputar 
taohnolopp,  and  wind  tunnel  Inatmnentatlon,  Inplp  that  davelopaMat  of  anoh  a  oorraotlon 
nethod  la  a  praotloal  poal.  Aooordlnplp,  oonaldarable  Innovative  reaearoh  effort  baa 
bean  expanded  bp  othere  to  aohlava  thla  poal.  Mo  attaapt  will  be  nada  to  detail  the 
atatua  of  theaa  efforta.  Overvlawa  of  current  laauaa  and  approachea  are  plven  bp 
Rrafti ,  Hewnan* ,  and  Blnlon* .  Inataad,  a  alnpllf led  dlaonaalon  of  tha  panaral 
nature  of  wind  tunnel  boundarp  Interfarenoa  will  be  plven  an  baokpround  to  the 
developnent  effort  dlaouaaed  in  the  followlnp  aactlona. 

Hind  tunnal  boundarp  oorraotlona  nap  be  approaohod  fron  two  different  polnta  of 
view.  Flrati  tha  preaanoe  of  the  nodal  oauaea  a  oonatrlotlon  In  the  tunnel,  which  altera 
tha  local  valooltp.  Therefore  tha  foroea  on  the  nodal  oorreapond  to  a  different  velooltp 
than  Indloatad  bp  tha  tunnel  oallbratlon.  In  addition,  tha  praaanoa  of  the  walla  dlatoit 
the  natural  atreanllne  developnent,  ohanplnp  tha  upwaah.  Therefore  tha  foroea  on  the 
nodal  oorreapond  to  a  different  anpla-of-ettaok  than  Indicated  In  the  tunnel.  Moat 
correction  achanaa  approaoh  tha  prablen  fron  thla  panaral  perapectlva.  Thap  ettenpt  to 
find  Mach  nunber  and  anple-of-attaok  oorraotlona. 

For  nodala  of  praotloal  alaa  In  anall  vantllatad  tranaonlo  wind  tunnala,  Intarference 
off acta  varp  over  the  aurfaoa  of  tha  nodal.  Bff active  or  avarape  valuaa  auat  be  uaed  for 
the  Haoh  nunber  and  anpla-of -attack  oorraotlona.  Ivan  thouph  a  Mach 

nunber /anple-of-attaok  oonblnatlon  la  found  that  plvea  tha  aoM  net  forcaa  aa  naaaured  la 
tha  wind  tunnel,  the  detailed  praaaura  dlatrlbutlon  la  different.  Thla  Inpllaa  a  loaa  of 
paonatrle  alnllarltp.  That  la,  the  oorraotlona  obtained  are  for  a  allphtlp  dlfferant 
nodal.  For  a  wlnp  la  a  atronp  Intarferaaoa  field  the  effect  la  alnllar  to  a  ehanpe  In 
eanbar.  Slnoa  there  la  alwapa  aone  pradldnt  In  tha  vlolnltp  of  the  nodal,  there  la 
alwapa  aone  error  In  the  oorraotlon.  In  nanp  oaaea  the  error  nap  be  napllplble,  bat  la 
other  oaaaa  tha  oorraotlon  aohana  falla  oonplatolp  and  tha  data  la  aald  to  be 
uncorrectabla . 

The  other  point  of  view  foouaea  on  tha  foroea.  At  the  teat  Haoh  nunber  and  anpla  of 
attack,  the  tunnel  bonndarlaa  oauae  dlatortlona  in  the  natural  (free-fllpht)  flow  field. 
Thaaa  dlatortlona  are  roflaetad  la  tha  foroea  davelopod  on  tha  nodal.  To  oorreot  ^ 
data.  It  la  naoaaaarp  to  eatlnate  the  Inoranental  ehanpe  la  foroea  that  would  mault  fron 
renovlnp  theaa  dlatortlona;  l.a.  alnulatlnp  free  tllpht. 

Tha  bwaflt  of  tha  forea  oorraotlon  approaoh  la  that,  la  prlnolpla.  It  laherentlp 
aooennta  for  intarforonoe  pmdlanta.  Oeonatrlo  alnllarltp  la  nalntalnad  and  there  are  no 
unoorraotohle  oaaaa.  In  praotloa,  tha  laerenaatal  ohanpa  la  nodal  fomas  mault  fren  an 
inoranental  oMapa  in  preaaum  dlatrlbutlon.  Blnea  boundarp  lapor  davaleinant  dwanda  an 
pmdoum  diatrlbatlen,  inoranental  ohanpao  Ih  famaa  eaa  altar  tha  viaooua  affeeta.  In 
aona  oaaaa  the  laifppent  la  boanSarp  laper  davalosnent  nap  ba  napllpibla.  In  other  oasaa 
tha  ohanpa  In  boandarf  lapar  davalopnaat  eaanet  ba  ipaorad.  Hham  latartoranoe  affaota 
am  atronp,  the  oorraotlon  prooadum  will  hava  to  aoeoant  for  oiooeua  affoeta  on  tha 
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Although  tha  force  correction  approach  poaaa  a  aarloua  challenge  la  tents  of  aodeling 
increaental  viscous  effects.  Me  believe  that  It  offers  the  greater  potential  for  future 
davalopaent.  Furtheraore,  this  approach  may  be  neoeaaary  for  the  developaent  of  valid 
corrections  In  saall  fined  wall  tunnels  with  Iwrge  Interference  gradients.  Therefore, 
force  correction  la  the  orientation  of  tha  our pant  work. 

The  tunnel  walla  are  responsible  for  acaa,  but  not  all  of  the  Interference.  The 
nodel  support  systan,  plenun  bypass,  and  Mach  control  syaten  can  ell  contribute.  The 
aodel  support  Introduces  blockade  like  gradients  In  the  vicinity  of  the  nodel.  The 
plenua  bypass  and  reentry  oontrol  can  also  produce  three-dlnenslonal  gradients  In  the 
presence  of  a  lifting  nodel  that  are  not  seen  during  tunnel  calibration.  Finally, 
depending  on  Hach  control  teohaleua,  the  notel  can  interfere  with  the  tunnel  calibration, 
producing  a  bias  error  that  la  a  function  of  the  forces  on  tha  nodel.  A  general  boundary 
Interference  correction  procedure  should  account  for  all  significant  contributions  to  the 
deviation  between  free  flight  and  wind  tunnel  test  conditions. 

As  previously  noted,  such  a  correction  procedure  does  not  currently  exist.  However, 
we  believe  that  the  needed  theoretical,  ccnputatlonal .  and  experlnental  tools  are 
available,  and  that  a  sustained  effort  will  reault  In  such  a  correction  procedure.  The 
following  sections  discuss  our  Initial  efforts  toward  this  goal. 

2.  BASIC  APP8QACH 

Our  basic  approach  la  Illustrated  In  Figure  1.  The  upper  left  of  this  figure 
represents  tha  aodel  nountad  In  tha  wind  tunnel.  Tunnel  wall  pressures  are  aeasured  over 
the  full  length  of  the  teat  section.  The  forces  on  the  nodel,  L,  are  also  recorded.  The 
far-fleld  aaauaptlon  Is  aade;  l.e.  the  pressure  signature  at  the  wall  Is  Insensitive  fine 
detail  on  the  nodal.  This  pomlta  conalderable  slnpllf ioatlon  In  the  nathanatlcal 
alnulatlon  of  the  nodel.  Tha  nathanatlcal  slaulatlon  of  the  tunnel  Includes  a 
significant  length  of  nossla  upstrean  of  tha  test  aecblon,  the  test  section  with  nodal 
support  hardware,  and  a  significant  length  of  diffuser  downstrean  of  tha  test  section. 
This  corresponds  to  the  lower  left  of  Figure  1. 

The  aeasured  boundary  conditions  (on  tha  walls)  are  inposad,  and  the  forces  on  the 
slnulated  aodel  are  coaputed.  The  conputed  lift  and  pitching  nonent  are  conpared  with 
the  aeasured  values.  If  they  do  not  agree  reasonably  well,  tha  slaulatlon  of  tha  nodel 
la  adjusted.  When  the  calculated  lift  and  pitching  nonent  agree  with  aeasured  values, 
and  the  aeasured  wall  boundary  oondltlona  are  duplicated.  It  Is  Judged  that  the 
slaulatlon  la  a  valid  representation  of  ooadltlons  In  the  wind  tunnel.  The  next  step 
(lower  right  of  Figure  1)  Is  to  run  the  sane  calculations  with  tunnel  walls  and  nodel 
support  reaoved.  Tha  results  oorrespond  to  the  f roe-flight  case.  The  Increaental 
difference  between  tha  solution  la  tha  tunnel  and  la  free  flight  Is  applied  as  a 
correction  to  the  wind  tunnel  data.  This  approach  Is  slallar  to  that  of  Risk  and 
Humane  ,  except  that  they  seek  an  Increaental  correction  to  Hach  nuaber  and 
angla-of -attack. 

CFD  methods  alone  are  too  costly  to  provide  practical  correction  of  all  tha  data. 
However,  they  can  be  used  to  provide  solutions  tor  a  few  points  bracketing  the  test 
range.  Conventional  slailarlty  relations  and  regression  aethods  can  bo  used  to  transfer 
these  solutions  to  the  rest  of  the  test  envelope.  In  this  way.  CFD  Is  used  to  calibrate 
the  Interference  effects  for  a  particular  aodel/tunnel  configuration.  These  calibrations 
are  coablned  Into  an  Interference  oorroction  data  base.  This  data  base  Includes  aodel, 
aodel  support,  and  tunnel  characteristics.  It  also  includes  selected  wall  pressure  data. 

It  aeeas  reasonable  that  the  deaand  for  CFD  solutions  will  decrease  as  the  data  base 
grows.  Eventually  the  data  base  Itself  would  suffice  to  provide  Interference  corrections 
for  the  vast  Majority  of  testing.  CFD  solutions  would  only  be  required  when  a  aodel  did 
not  aatch  any  of  tha  configurations  contained  in  the  data  base. 

This  point  of  view  leads  to  a  two  phase  developsMnt  plan.  As  Illustrated  In  Figure 

2.  Phase  I  Is  the  developaent  of  the  coaputatlonal  prooadures  needed  to  obtain  boundary 
Interference  corrections.  Once  corrected  and  unoorrooted  data  am  available  in 
sufficient  quantity,  a  Phase  II  effort  will  be  required  to  establish  the  corrections  data 
base,  and  the  eaplrlcal  aethods  to  be  used  with  it,  Oltiaately  a  given  tunnel  will  be 
able  to  apply  this  data  base  to  obtain  accurate  boundary  interference  corrections  during 
normal  data  reduction  with  no  significant  loss  of  data  throughput. 

3.  WIMP  TOmiEL  TESTS 

Regardless  of  the  coaputatlonal  aoheae.  aeasured  boundary  conditions  am  required. 
Furthermore,  experlnental  verification  of  the  ocaputed  oorreotions  am  essential  befom 
such  corrections  can  be  applied  with  oonfidMoe.  Thomfom  an  extensive  experlaontal 
effort  was  required  before  the  coaputatlonal  developaaat  could  progmss. 

The  prooedum  used  to  obtain  axperiaantal  boundary  interfemnoe  data  la  illustrated 
in  Figum  3.  If  geoaetrically  siailar  aodels  of  dlffomat  soale  am  tested  in  the  saae 
tunnel,  the  boundary  intortemnce  off  acts  will  eanso  a  ladi  of  eormlation  la  the 
aarodyaaalc  force  and  aoasat  data.  A  nodal  with  a  hloehago  of  0.6R  is  anpaotod  to  have 
very  saall  -  perhaps  insiasiflcant  -  intarforeaoe.  A  aodel  with  a  bloehapa  of  l.W  is 
typical  of  the  nodal  siao  often  naod  in  aaoll  tmasealc  tuaaals.  A  nodal  srith  3. OR 
bleekaga  is  expaotod  to  shta  larpe  iatorfaraaoa  offoata.  Any  mrocodum  whidi  adaquntaly 
oorreets  for  thoaa  interfomaeo  offoota  should  oollapos  the  data. 
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Collapsing  the  data  froa  a  sat  of  geoaatrloallp  slailar  aodels  verifies  that  the 
aethod  corrects  the  data  to  a  ooaaon  flow  condition.  It  does  not  prove  that  this  flow 
condition  corresponds  to  free  flight.  A  facility  dependent  cowaon  bias  could  still  be 
present  in  the  data.  A  auoh  stronger  verification  of  validity  would  be  obtained  by 
running  a  sat  of  siailar  aodela  in  at  least  two  wind  tunnels  that  are  of  different  siae, 
and  use  different  Mach  control  aathoda. 

A  series  of  wind  tunnel  testa  were  planned.  The  obiectlve  was  to  obtain  data  needed 
to  facilitate  the  Phase  1  developaent.  and  to  provide  axperiaantal  verification  of 
ooeputed  corrections.  Testa  were  scheduled  in  the  TUT  (Trlsonic  Wind  Tunnel)  and  the 
P8WT  (Polysonie  Hind  Tunnel)  -  McDonnell  Aircraft  Coepany  facilities. 

The  THT  transonic  teat  aaotlon  is  36  inohea  long  and  has  a  cross  section  of  12  x  12 
inches.  The  walls  are  22. S  X  porous  with  nonal  holes  of  0.125  in.  diaeater  and  a 
thickness  of  0.125  inches.  Modal  pitch  Motion  is  provided  by  a  parallelogran  strut 
arrangeawnt  located  la  the  diffuser  inlet. 

The  PSHT  transonic  teat  section  is  108  in.  in  length.  It  Itas  a  48  x  48  in.  cross 
section.  The  walls  in  this  facility  are  also  22.5  X  porous.  This  porosity  is  attained 
with  .375  in.  dlaeatar  holes  which  are  noraal  to  the  surface.  The  wall  is  0.75  in. 
thick.  Modal  pitch  notion  is  provided  by  a  hydraulically  driven  sector  aystan. 

Both  faellltlaa  are  blowdown  to  atnosphare  type.  Run  tine  la  linited  by  available 
air  storage.  In  the  snaller  facility,  THT,  it  can  be  extended  to  20  ninutas.  In  the 
PSHT,  run  tine  la  usually  linited  to  1  ninute  or  less  (depending  on  Mach  ninaber  and 
operational  node). 

These  two  facilities  provide  an  adequate  teat  of  the  correction  procedure.  The  PSHT 
la  16  tinea  larger  than  the  THT  in  cross  sectional  area.  Also,  the  operational  nodes  are 
considerably  different.  The  THT  has  a  paaaiva  plenun.  Mach  nunber  is  controlled  by 
varying  the  area  of  the  second  throat.  In  the  PSHT,  the  area  of  the  second  tluroat  is  not 
changed  during  a  run.  Mach  nunter  is  controlled  by  varying  suction  on  the  plenun.  The 
differences  are  great  enough  to  allow  an  investigation  of  the  effect  of  operational  node 
on  boundary  interference. 

а. .i  THT  Tiat  -  HABPHABI 

Initial  testa  were  conducted  in  the  snaller,  nore  econonleal,  THT  facility.  A  set  of 
three  slnple  wing-body  nodels  were  fabricated  for  the  THT  test,  figure  4  is  a  sketch  of 
these  aodela  showing  the  relative  sixes.  These  sixes  were  chosen  to  produce  about  0.5X, 
1.5X.  and  3. OX  blockage  in  the  THT.  All  no^ls  )>ave  cylindrical  fuselages  and  conical 
noses.  The  wings  are  sinple  flat  plates  with  biconvex  leading  and  trailing  edges. 

Leading  edge  sweep  is  30  degrees  and  trailing  edges  are  strai^t  for  all  nodels.  Bvery 
effort  was  nade  to  insure  that  precise  gecnetric  ainilarlty  was  aaintained  between 
nodels. 

To  neasure  the  flow  boundary,  a  set  of  12  static  pressure  rails  were  fabricated.  The 
design  of  these  rails  is  shown  in  figure  5.  The  pressure  taps  are  located  outside  the 
wall  boundary  layer.  The  rails  extend  the  full  length  of  the  test  section  (36  inches), 
and  have  24  taps  per  rail.  In  the  vicinity  of  the  nodel  the  tap  spacing  is  1.0  inch.  At 
the  front  and  rear  of  the  test  section  the  spacing  Increases  so  that  pressure  is  neasured 
within  1.0  inch  of  the  entrance  and  the  exit  of  the  test  section.  The  upstrean  ends  of 
the  rails  are  tapered  to  provide  a  gradual  increase  in  rail  blockage.  As  shown  in  figure 

б,  three  rails  were  installed  on  each  of  the  four  test  section  walls.  To  renove  rail 
blockage  effects,  the  wind  tunnel  was  recalibrated  with  the  rails  in  place. 

3.2  THT  TBST  -  TYPICAL  BRflOLTB 

The  THT  test  was  conducted  at  Mach  nunbers  of  0.5,  0.6,  0.7,  0.6,  0.9,  1.1,  and  1.2. 
At  each  of  these  Mach  nunbers  baseline  data  were  taken  with  the  tunnel  enpty.  Recorded 
data  Included  pressures  fron  the  12  static  rails,  12  nodel  surface  pressures,  nodel  base 
and  cavity  pressures,  16  plenun  pressures,  and  the  force  and  nonent  data. 

figure  7  is  a  photograph  of  the  installation  of  t)te  snallest  nodel  (tunnel  open), 
figure  8  is  a  photograph  of  the  sane  nodel  with  the  tunnel  closed.  Note  the  12  static 
pressure  rails  used  to  neasure  the  boundary  pressure  in  the  test  section.  Hall  pressure 
signatures  were  found  to  be  very  repeatable,  figure  8  is  a  direct  oonparlson  of 
unsnoothed  celling  pressures  for  two  different  runs.  This  kind  of  repeatability  is 
typical  of  all  the  rails.  The  run  to  run  reiyeatability  in  pressure  coefficient  varied 
fron  about  .0015  to  .0002,  depending  on  how  well  Mach  nunber  and  angle-of-attaok  were 
repeated. 

figure  10  is  a  plot  of  the  ceiling  centerline  pressure  distributirai  for  all  three 
nodels.  The  rails  clearly  resolve  the  difference  in  pressure  signature  inposed  by  the 
different  nodels.  Sinilar  differences  are  seen  in  the  side  wall  and  floor  data.  It  is 
interesting  that  even  the  snallest  nodal  (0.5X  blockage)  is  detected  by  t)>e  rail 

pressures . 

figure  11  is  a  oonparison  of  centerline  floor  and  ceiling  pressure  distribution.  In 
the  test  section  inlet,  both  floor  and  ceiling  reflect  freestrean  pressure.  Tbe  presence 
of  the  nodel  is  clearly  seen  at  about  6  inches  into  the  test  section.  Both  floor  and 
oailing  show  Increasing  pressure  coefficients.  At  14  inches,  the  floor  and  ceiling 


pressures  «re  still  equal,  but  the  level  has  increased  significantly.  Hoving  back  over 
the  Model,  the  oeiling  pressure  drops  due  to  lift  induced  circulation. 

Blockage  effects  produce  pressure  perturbations  of  the  saae  sign  on  the  floor  and 
ceiling.  Circulation  produces  perturbations  of  opposite  sign.  Therefore  blockage  and 
circulation  effects  can  be  separated  by  looking  at  the  sub  and  difference  of  the  floor 
and  celling  rail  data.  This  is  illustrated  in  Figure  12  for  the  nedluB  sised  model  (1.5% 
blockage)  at  Haoh  0.7.  The  top  figure  is  for  an  angle-of ^attack  of  0  degrees 
(insignificant  lift),  and  the  bottM  figure  is  for  8  degrees  angle-of-attack.  The  sum 
(floor  *  ceiling),  which  is  driven  by  blockage,  clearly  reveals  the  presence  of  the  model 
in  either  case.  At  6  degrees,  the  excursions  are  slightly  higher,  otherwise  the  pattern 
is  unchanged  by  pitching  the  model.  The  difference  (floor  *  ceiling),  which  is  driven  by 
lift,  is  negligible  at  0  degrees,  but  very  pronounced  at  6  degrees.  The  rail  pressures 
(in  addition  to  the  measured  forces  and  a  suitable  wall  flow  model)  implicitly  define  the 
flow  in  the  tunnel. 

The  rail  data  showed  a  surprising  two-dimensionality.  Typical  results  are  shown  in 
Figure  13.  Each  plot  in  the  figure  shows  the  distribution  of  pressure  around  a  sectional 
cut  through  the  teat  section.  The  darkened  symbol  marks  the  north  ceiling  rail.  Moving 
to  the  right  (increasing  distance  from  the  north  wall)  the  next  data  point  is  the  ceiling 
centerline  rail.  Continuing  to  the  right,  is  the  south  ceiling  rail,  Next  comes  the 
three  south  wall  rails  (top  to  bottom).  The  plot  then  moves  back  to  the  left  (toward  the 
north  wall),  the  symbols  marking  the  floor  rails.  The  sectional  cut  is  completed  at  the 
extreme  left  of  the  plot  with  the  north  wall  rails  (bottom  to  top).  In  other  words,  each 
plot  corresponds  to  the  pressure  across  the  ceiling,  down  the  south  wall,  back  across  the 
floor  and  up  the  north  wall. 

At  5.0  Inches  into  the  teat  section  the  pressure  is  uniform  on  all  four  walls. 

Hoving  downstream,  the  blockage  effect  cauaea  a  uniform  presaure  rise.  The  sectional  cut 
at  14  inches  shows  this  condition.  18  inches  the  circulation  effect  is  felt  and  the 
ceiling  presaure  begins  to  fall.  By  23  inches  (which  is  close  to  the  location  of  the 
effective  center  of  presaure  for  the  model  wing)  the  effect  is  maximum.  The  circulation 
effect  continues  throughout  the  rMsinder  of  the  test  section.  At  35  inches  the  pattern 
becomes  distorted  due  to  the  presence  of  the  strut,  and  the  approaching  expansion  into 
the  diffuser. 

This  relatively  well  behaved  nearly  two-dimensional  pressure  boundary  is 
characteristic  of  all  models  so  long  as  the  shock  waves  do  not  reach  the  wall.  Figure  14 
shows  the  pressure  boundary  at  23  inches  for  the  small  modal  (0.5%  blockage,  0.27  span  to 
tunnel  width  ratio).  The  bounded  area  of  the  curve  is  less  because  of  smaller  lift,  but 
otherwise  it  resembles  the  biggest  model  (3.0%  blockage,  0.6  span  to  tunnel  width 
ratio).  The  degree  of  similarity  in  wall  presaure  signature  for  different  sited  models 
supports  the  far-field  assumption. 

When  shocks  are  present  at  the  wall,  this  well  behaved  pressure  boundary  no  longer 
exists.  Figure  15  shows  the  pressure  boundary  at  two  locations  in  the  test  section  only 
3  inches  apart.  The  boundary  changes  in  a  distinctly  three-dimensional  fashion  in  that  3 
inches.  So  long  as  shock  waves  do  not  reach  the  wall,  the  12  rails  with  pressure  taps  on 
1.0  inch  centers  provide  adequate  measurement  density.  When  shocks  are  present,  a  closer 
measurement  interval  may  be  desirable. 

The  nature  of  the  boundary  pressures  above  Mach  1.0  is  further  illustrated  in  Figures 
16  and  17.  Figure  16  shows  the  ceiling  centerline  pressure  distribution  for  all  three 
models.  When  allowance  for  the  different  model  lengths  is  made,  a  high  degree  of 
similarity  Is  revealed.  Figure  17  is  a  plot  of  all  three  ceiling  rails  for  the  0.5% 
blockage  model!  The  abrupt  discontinuous  nature  of  these  wall  signatures  will  introduce 
severe  demands  on  the  simulation  of  the  tunnel  boundary. 


The  largest  of  the  TWT  models  was  reamed  to  fit  a  1.5  inch  internal  balance,  and 
became  the  smallest  model  for  the  PSVT  set.  A  larger  model  of  the  same  geometric  family 
was  fabricated  for  use  in  the  PSffT.  It's  else  was  limited  by  maximum  balance  load 
capacity  to  1.8%  blockage.  A  sting  sleeve  was  fabricated  to  maintain  the  seme  model  base 
to  sting  arsa  ratio  as  the  small  model.  Figure  18  is  a  photograph  of  the  F8WT  model  with 
sting  sleeve  installed.  This  model  has  s  wing  span  of  21.6  inches  and  a  length  of  33.75 
inches . 

The  12  static  rails  used  in  the  TVfT  proved  very  effective  for  measuring  the  pressure 
boundary.  However,  a  dosen  rails  standing  above  the  boundary  layer  is  undesirable  for 
regular  tasting.  Therefore  we  decided  to  investigete  a  less  intrusive  scheme  for 
measuring  the  well  pressure  data.  A  set  of  4  static  rails  wars  installed  -  one  on  the 
centerline  of  each  wall.  Prassure  taps  were  located  1.125  inches  above  the  wall.  This 
is  less  than  a  fourth  of  the  mean  boundary  layer  thickness.  The  sdditlonsl  blockage  is 
nsgllgible.  Since  the  oomputstlonsl  work  in  progress  assumss  ayiBstry  about  the  X-Z 
plane  (below  Haoh  1.0).  it  was  dsoided  to  add  additional  pressure  instrumentation  to  the 
south  half  of  the  test  section. 

This  was  dons  by  inserting  rows  of  oorks  lato  the  holes  in  the  porous  well  (parsllsl 
to  the  rails),  and  adding  a  pressure  tap  to  each  cork.  As  shown  in  Figure  19,  4  rows  of 
cork  taps  were  added  auoh  thst  tbs  south  half  of  tha  tuanel  was  instrumented  in  a  similar 
fashion  to  the  TWT.  In  addition,  not  shown  In  tha  figure,  4  rings  of  oork  taps  were 
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•ddad  in  the  vicinity  of  the  aodel.  Each  rin#  conaiated  of  16  preaaure  tapa  runnins  froe 
the  ceiilnc  rail  to  the  aouth  wail,  down  the  wall  and  back  to  the  floor  rail. 

4  P8IIT  WIK.TMTIIABY  TMT  BMOLTfl 

Prellalnary  testiac  indleatad  that  thla  laatruMntatlon  achaaa  waa  inadequate. 

Spatial  raaolutlon  waa  acceptable  for  the  aouth  half  of  the  tunnel  but  exoeaaive  acatter 
waa  preaent  in  the  wall  data.  Apparently  the  aurfaoe  preaaure  at  the  wall  la  aubject  to 
edae  tonaa  and  other  turbulent  local  effecta  cauaed  by  flow  throuah  the  holea.  Althouch 
data  acqulaltion  tine  aatlafiad  the  criteria  of  Muhlatein  and  Coe*  for  nodel  preaaurea, 
it  failed  to  do  ao  for  wall  preaaurea. 

laproved  boundary  Inatruaentatlon  concapta  are  eurrantly  belnc  atudled.  It  nay  be 
poaalbla  to  reduce  local  turbulence  at  fluah  aounted  wall  tape  by  blocking  adjacent  holea 
in  the  poroua  wall.  Extended  aaapllng  perioda  and  enhanced  digital  filtering  nethoda  are 
alao  being  Inveatlgated.  Hhen  the  wall  preaaurea  can  be  aaaaurad  with  the  required 
preclaion,  the  interference  teatlng  will  begin.  Aa  previoualy  dlacuaaed,  high  quality 
data  froa  at  leaat  two  different  tunnela  are  asaentlal  for  the  developaent  and 
verification  of  the  correction  procedure. 

4.  COMPOTATIOMAL  DEVELOPHEtTf 

The  degree  of  coaputatlonal  aophiatication  required  to  accurately  deacrlbe  the  flow 
dependa  upon  the  flow  condltiona.  Coat  aay  inoreaae  exponentially  with  the  degree  of 
aophiatication.  Therefore  it  ia  iaportant  to  uae  the  leant  aophiatioated  aethoda 
conalatent  with  accuracy  requireaenta . 

Aa  pointed  out  by  Newaan  and  Keap* ,  when  coaparlng  2-D  and  3-D  flowa.  there  la  a 
tranaonic  relief  effect  in  3-D  flow  which  coapreaaea  the  Mach  range  of  nonlinear 
effecta.  Aahlllt  aaauaea  that  the  tranafomed  aaall  perturbation  equation  govema  in 
the  far  field  until  local  aonlc  flow  reaohea  the  walla.  It  aaeaa  likely,  however,  that 
once  atrong  tranaonic  flow  ia  eatabliahed  over  the  aodel.  acre  aophiaticated  aethoda  will 
be  needed. 

Very  near  Mach  1.0  it  will  be  neceaaary  to  uae  a  acre  aophiaticated  approach. 

Tataa*  deacribea  an  Intereatlng  explicit  aultiatage  Runge-Eutta  approach  to  aolve  the 
3-D  TLHS  (Thin-Layer  Navler-Stokea )  equatlona.  It  night  be  thought  that  thla  aethod,  or 
one  like  it,  could  be  uaed  to  eoapute  the  wind  tunnel  boundary  interference  correctiona 
for  the  atrongly  tranaonic  caaea.  Such  an  extanaion  would  be  a  fomidable  taak. 

Vataa  uaed  a  coaputatlonal  aeah  with  over  400,0(X>  grid  polnta  to  ooapute  the  flow 
over  half  a  wing  (X-Z  ayaaetry) .  In  a  highly  optiaiaed  and  veotoriaed  fora  it  took  3000 
iterationa  to  converge.  On  the  HASA/Langley  VFS-3Z  oonputer  ayatea  it  took  about  1.6  x 
10- •  CPQ  aaoonda  per  grid  point  per  iteration,  or  over  6  houra  of  eoaputer  tine.  The 
TXT  teat  reaulta  indicate  that  a  rough  value  of  about  3.300,000  grid  polnta  would  be 
required  for  boundary  interference  oaloulatlOTia.  At  the  aaae  convergence  rate,  it  la 
eatlnated  that  it  would  take  over  of  90  houra  of  CFO  tiaa  per  correction  point  -  not 
really  a  viable  option.  Thla  doea  not  deoreaae  the  value  of  the  advancea  in  CTD  aade  by 
Vataa  and  othera.  It  aieply  polnta  out  that  with  exiating  cowputer  ayatena  we  are 
atrongly  aotivated  to  aeek  alternate  approachea. 

Hounjet*  reporta  that  theae  conalderationa  prompted  an  Inveatlgation  into  integral 
equation  aethoda.  Thla  inveatlgation  lad  to  the  developaent  of  a  tranaonic 
ahock-capturing  panel  coda.  Panel  codaa  are  very  aoonoaloal  oouparad  to  3-D  FDM 
aoiutiona,  but 'they  are  Inviaold.  It  way  be  poaaible  to  coabine  a  ahock-capturing  panel 
aethod  with  a  boundary  layer  aolver.  Altatatt>*  reporta  the  experiaental  verification 
of  a  boundary  layer  code  that  ia  applicable  to  a  flow  with  ahock  wave/boundary  layer 
interaction  of  the  type  occurring  on  airfoila  in  tranaonic  flow.  It  nay  alao  be  poaaible 
to  nake  correctiona  to  the  aurfaoe  preaaurea  for  nonlinearity  and  vortlclty. 

Dllleniuaii  reporta  auoh  correctiona  applied  to  panel  aethod  atudiea  in  aiaalle 
aerodynaaloa .  Thla  developaent  would  alao  be  foraidable,  but  offera  the  poaalblllty  of 
obtaining  3-D  aolutlona  with  current  eoaputer  technology  at  reaaonable  coat. 

4.1  PAMEL  METHOD  APPROACH 

Wo  elected  to  begin  our  coaputatlonal  effort  in  that  portion  of  the  Haoh  range 
Halted  to  auboritioal  flow.  In  thla  range  the  llneariaed  theory  ahould  be  valid  for 
typical  aodela  at  aMll  angla-of-attaok  (no  anaalva  aeparation) .  The  choice  of  nethoda 
under  theae  condltiona  ia  relatively  aaay.  Panel  neth^a  are  eaay  to  apply  and  have 
recently  been  uaed  for  alnulating  wind  tunnela. >a,  >*,  ><  Strangi*.  la  a  coapariaon  of 
four  well  known  and  proven  panel  oodea.  found  NCAERO  to  bo  very  robuat,  and  laaa  ooatly 
to  run  than  the  other  higher  order  code  being  oonaidered  (PAH  AIH) .  Therefore  IKAOK)  waa 
aeloetod  aa  the  oonputatlonal  tool  for  the  aubaonio  range. 

Figure  20  ahowa  typloal  paneling  of  the  TUT  tunnel  wlUi  the  3X  blockage  nodal 
inatalled.  Paneling  denaity  haa  been  reduced,  wakaa  removed ,  and  noaale  and  diftuaor 
aactlona  oaltted  for  clarity.  Figure  21  ahowa  the  free  flight  oaae  -  the  aaae  nodel  with 
the  walla  and  nodal  aupport  raaoved.  Again,  wakaa  have  been  raaoved  for  clarity. 

Boundary  condltiona  are  thoao  for  tree  flight.  The  differaacea  in  the  computed  force 
ceeffleleata  repreaant  the  deeirad  interference  oorreotion. 
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4.2  WALL  FLOW  MODEL 

Thar*  la  no  problaa  in  genaratlnc  fra*  fll^t  solutions  with  HCAERO.  Figure  22 
illustrates  both  the  fidelity  of  the  panel  Method  and  the  nature  of  the  boundary 
Interference  in  the  the  TUT  facility.  The  data  curve  is  centerline  floor  and  celling 
rail  data.  The  HCAIRO  curve  is  the  ccawutad  pressure  distribution  in  free  flight  at  the 
position  of  the  rails.  The  difference  between  these  two  curves  is  the  result  of 
interfereno*. 

Oenaratlng  tunnel  solutions  with  HCACBO  can  be  a  problea.  Wall  pressures  are 
■easured.  However,  HCAXRO  requires  normal  velocity  as  a  boundary  condition.  Obtaining 
normal  velocity  components  from  pressure  measured  at  a  single  elevation  above  the  wall  is 
not  a  well  posed  problem.  If  the  wall  pressures  were  measured  with  static  pipes,  as 
suggested  by  Mannl^*  the  problem  mltfit  be  reduoed,  or  even  r*SK>ved  for  subsonic  flows. 

In  order  to  generate  appropriate  boundary  conditions  additional  information  is 
needed.  The  problem  la  illustrated  in  Figure  23.  Wall  pressure  distributions  are 
measured.  A  wall  flow  model  la  assumed.  This  modal  relates  the  pressure  drop  across  the 
wall  to  the  mass  flow  through  the  wall,  and  to  the  normal  velocity  distribution  at  the 
boundary  layer  edge  (or  flow  angle).  Oaing  this  normal  velocity  distribution,  a 
computational  run  is  mad*.  If  the  computed  forces  on  the  model  do  not  natch  the  measured 
forces  in  the  tunnel,  then  the  simulation  of  the  nodal  must  be  triemed.  and  another  run 
is  made.  When  the  forces  do  match,  then  the  computed  pressures  at  the  rails  are  compared 
to  the  meeaured  pressures.  If  these  don't  natch,  then  the  aasuned  wall  flow  model  is 
corrected,  and  the  process  repeated.  The  wall  flow  model  is  adjusted  Iteratively  until 
the  computed  pressure  distribution  matches  the  measured  distribution.  Each  change  in 
wall  flow  model  changes  the  computed  nodal  forces.  The  problem  is  doubly  iterative. 

There  are  a  number  of  ways  of  expediting  the  selection  of  a  wall  flow  nodal  and 
dramatically  speeding  up  the  convergence  rat*.  The  key  to  this  is  realising  that  the 
wall  flow  ia  a  highly  nonlinear  viscous  ^leBomana.  Jaoocks>T  determined  the 
relationship  between  flow  angle  and  wall  mas*  flow  for  60  degree  slanted  holes  in  the 
presence  of  typical  pressure  gradients  expected  in  the  wind  tunnel.  Ericksonx  derived 
a  model  for  boundary  layer  development  on  a  porous  wall,  and  computed  flow  angle  versus 
wall  cross  flow.  Chani*  obtained  a  relationahlp  between  flow  angle  and  wall  flow  for  a 
20. 5S  porous  wall  with  O.S  inch  diameter  holes.  IngerX  used  an  integral  method  to 
derive  a  relationship  for  the  growth  of  laminar  displacement  thickness  in  the  presence  of 
blowing.  Flow  angle  versus  normal  flow  can  be  deduced  from  his  results. 

The  independent  results  of  Jacooks,  Erickson.  Chan,  and  Inger  are  shown  in  Figure 
24.  There  are  several  conolusions  that  can  be  drawn  from  theta  results.  First,  when 
there  is  no  flow  through  the  wall  there  ia  a  small  positive  flow  angle.  This  corresponds 
to  the  growth  of  the  boundary  layer  dlaplaoement  thickness  with  no  cross  flow  (equivalent 
to  a  solid  wall).  For  suction  (Vv/Ue  <  0)  the  flow  angle  is  directly  proportional  to 
wall  flow.  For  blowing  (Vv/T«  >  0)  the  flow  angle  increases  much  more  rapidly  than 
the  wall  flow.  This  fluid  dynamic  amplification  effect  is  due  to  the  accelerated  growth 
of  the  displacement  thickness  in  the  presence  of  blowing.  The  fact  that  the  implied  wall 
characteristics  from  such  diverse  approaches  agree  as  well  as  t)ray  do.  implies  the 
existence  of  a  very  robust  relationship  between  wall  flow  and  flow  angle  (or  normal 
velocity  at  the  edge  of  the  boundary  layer). 

This  relationship  can  be  expressed  as  a  polyn»lal  in  wall  flow.  Furthermore,  the 
actual  wall  flow  is  proportional  to  the  square  root  of  the  pressure  drop  across  the 
wall.  For  a  passive  plenum,  such  as  the  TNT.  tite  plenum  pressure  is  very  uniform  and  can 
be  assumed  constant.  Hall  flow  is  then  Inversely  proportional  to  the  square  root  of  the 
pressure  coefficient. 

In  this  case  required  boundary  condition  can  be  expressed  as  a  polynomial  in  the 
square  root  of  the  pressure  coefficient.  The  coefficients  of  this  polynomial  can  be 
empirically  determined  on  a  wall  by  wall  basis.  For  tunnels  with  active  plenum  pumping, 
such  as  the  PSHT,  the  wall  characteristic  must  l>e  determined  at  several  stations.  This 
is  necessary  because  the  active  pumping  creates  significant  pressure  gradients  in  the 
plenum.  The  calibration  of  the  wall  flow  relationship  is  time  consuming  and  requires 
considerable  experimental  effort.  However,  the  wall  characteristic  is  governed  by  local 
flow  phenomena  and  does  not  have  to  be  repeated  for  each  new  wind  tunnel  model. 

An  interesting  alternate  approach  to  the  wliole  problem  avoids  t)>e  necessity  of 
dealing  with  the  wall  flow.  This  approach  is  based  on  the  concept  that  a  stream  tube 
exists  Just  sbove  the  boundary  layer  which  (for  given  starting  conditions)  is  implicit  in 
the  pressure  data.  Since  the  local  velocity  ia  everywhere  tangent  (by  definition)  to 
this  stream  tube,  a  solid  boundary  can  be  eubstltutad  for  the  stream  tube.  Instead  of 
computing  wall  flow  and  flow  angle,  the  problem  now  is  to  deform  the  stream  tub*  twundary 
so  that  the  computed  wall  pressures  match  the  measured  pressures.  This  can  be  dMie  by 
calculating  the  derivatives  of  the  perturbation  potential  with  respect  to  geometric 
changes  and  using  an  Inverse  technique  to  solve  for  the  geometry  that  generates  the 
specified  pressure  distribution. 

This  approach  allows  excellent  replication  of  the  measured  wall  pressures.  However, 
the  previous  approach  has  distinct  advantages.  For  one,  it  will  detect  the  occurrence  of 
massive  separation  or  error  in  simulation  of  the  model  gaosMtiy.  Once  major  separations 
occur,  the  pressure  field  generated  by  the  simulation  (oven  after  adjustment  to  obtain 
the  correct  lift)  will  not  natch  the  computed  wall  pressures.  This  is  a  signal  that 
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sonethlng  is  wrong.  If  the  "stream  tube"  approach  is  used,  a  solution  will  be  forced  - 
an  erroneous  one.  In  this  regard  we  feel  that  no  solution  is  better  than  the  wrong 
solution. 

Another  advantage  is  that  the  wall  flow  approach  allows  the  possibility  of  extending 
the  range  of  application  to  high  anglo~of-attaok.  or  tho  testing  of  bluff  bodies  with 
aaaslve  separation.  If  tho  wall  flows  can  bo  calculated  with  confidence  froa  the 
SMasured  wall  pressures,  then  the  deviation  between  computed  and  measured  wall  pressure 
is  due  to  error  in  simulating  the  nodal.  Since  flow  angle  is  determined  from  the  wall 
flow,  and  pressure  is  measured,  two  parameters  are  known  at  the  computational  interface. 
As  discussed  by  Lo>> ,  under  these  conditions  it  is  possible  to  compute  the  effective 
shape  of  the  model.  Lo’s  work  was  2-D.  but  in  principle  an  inverse  technique  could  be 
developed  to  yield  incremental  modification  of  the  model  and  wake  geometry  to  obtain  an 
equivalent  body  which  produces  both  the  correct  forces  and  the  correct  pressure  field. 

Regardless  of  the  method  used  to  set  the  wall  boundary  condition,  it  is  essential 
that  the  process  be  approached  with  great  attention  to  detail.  Figure  25  shows  the 
deviation  between  computed  and  measured  ceiling  pressure  when  continuity  of  mass  is 
violated.  The  integration  of  transformed  normal  velocity  over  all  wall  panels  did  not 
equal  aero.  Figure  26  demonstrates  the  acouraoy  that  can  be  achieved  when  the  boundary 
conditions  are  correct. 


4.2  LIFT  CORiaCTlOII 

Figure  27  shows  the  lack  of  correlation  between  the  three  similar  models  in  the  TWT. 
As  expected,  the  larger  models  (stronger  interference)  show  depressed  lift  curve  slopes. 
There  is  a  significant  deviation  between  the  0.5X  model  and  the  1.5K  model.  He  expected 
to  see  at  least  tha  same  or  larger  increment  between  the  1.5S  model  and  the  3. OX  model. 

As  seen  in  the  Figure,  this  did  not  happen.  The  3.0  X  nodal  did  show  an  increase  in 
Interference,  but  the  increment  was  much  smaller.  As  the  model  sise  increases,  the 
interference  increment  decreases.  It  is  as  if  the  porous  wall  produces  a  relief  effect. 

Computed  lift  corrections  seen  to  confirm  the  effect.  Figure  28  is  typical  of  the 
results  obtained.  The  O.SX  model  lift  is  changed  vary  little.  The  l.SX  model  data  seems 
to  be  over-corrected  somewhat.  The  3X  data  is  brought  into  fairly  good  agreement  with 
the  O.SX  data.  These  corrections  account  for  small  changes  in  the  tunnel  calibration 
caused  by  the  model ,  but  they  do  not  account  for  boundary  layer  growth  on  the  model . 

This  is  believed  to  be  responsible  for  soma  of  tha  deviation  remaining.  As  a  result.  ou> 
current  effort  is  toward  coupling  MCAIRO  to  a  proper  boundary  layer  solver. 


The  experimental  data  verifies  that  * 

1.  Tha  pressure  perturbations  at  the  wall  are  highly  repeatable. 

2.  Different  models  impose  distinguishable  pressure  signatures  at  the  wall. 

3.  The  far  field  assumption  is  valid.  Imposed  perturbations  are  sensitive  to 
reference  area,  blockage,  etc.,  but  not  to  fine  detail  on  the  model. 

4.  The  effects  of  boundary  interference  on  the  three  models  are  clearly 
distinguishable  in  the  model  force  and  moarant  data. 

5.  Below  Mach  1.0.  the  wall  pressure  perturbations  show  a  high  degree  of 
two-dimensionality.  This  two-dimensionality  is  lost  between  Mach  1.0  and  1.2. 

The  computational  effort  indicates  that  - 

1.  Force  correction,  as  opposed  to  Mach  number  and  angle-of-attack  correction, 
is  a  valid  approach  with  potential  advantages  for  application  to  small  fixed 
wall  tunnels. 

2.  Boundary  interference  corrections  should  include  not  only  wall  effects,  but 
also  model  support  effects.  It  should  also  account  for  the  interference  of  the 
model  on  the  tunnel  -  subtle  changes  in  tunnel  calibration  due  to  the  presence 
of  the  model. 

3.  For  subcritical  Mach  numbers,  proven  panel  methods  are  an  exoellent 
computational  vehicle  for  simulating  the  wind  tunnel  and  computing  interference 
effects. 

4.  Developing  an  accurate  wall  flow  modal  is  essential  for  proper  treatment  of 
the  wall  boundary  conditions. 

Future  plana  call  for  additional  wind  tunnel  testing  and  a  continuous  development 
effort.  Thera  appears  to  be  no  major  obstacle  to  bringing  these  methods  to  operational 
status  for  subcritical  Mach  numbers.  Extension  into  weak  transonic  flow  is  promising. 

He  plan  to  investigate  various  alternative  computational  approaches,  including  corrected 
transonic  panel  methods.  Development  of  suitable  oonvutational  methods  will  bo  the 
pacing  task  for  extension  of  these  correction  procedures  into  high  transonic  flow. 
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D  B  StMttilUMl 

Airor»ft  Be»«arob  AMooifttloft  Liaited 
B«dfordi  tnglMid 


TIm  ooatiMiint  daviopitit  of  ooaputor  oodoo  tmd  pemr  mom  thot  oc«put*tl(M»ol  fluid  dyuMio  MtAodo  con 
mam  bo  uood*  in  oonJuMtioo  wltb  oxporlMotol  toobaiqiMOi  to  provldo  o  aoro  thorough  UBderotoodiog  of 
MMurod  flow  phoMMM*  Tbio  popor  doaowtrotos  tho  uoo  of  vorlouo  progroM  to  ovoluote  tho  aognitudo 
of  tho  IntorforoMo  duo  to  Mdol  oupport  oad  flou  uMOuroMOt  inotollotiou  ood  to  guido  tho  doolga  of  on 
oooMtio  liMr  for  tho  ABA  Traaoooio  fiod  TmmI.  Vorlouo  oiupllfiootlono  oro  noooooory  to  porait  the 
roproooutotioo  of  tho  oeaplos  gooaotry  uithio  ^o  ooMtrointo  iupoood  bp  tho  progroaoi  ond  hoBoo«  ooro  io 
Modod  ia  ualng  tho  ooaputod  rooulto*  Vlthio  thio  lialtotiM»  tho  M^odo  oon  provido  o  roluoblo  old  to 
tho  lutorprototioo  of  ouporlUMtol  rooulto  oad  to  guido  the  deoign  of  wind  tunnel  instollotiooo.  The 
popor  doooriboo  ooloulotloM  uoing  roriouo  thoorotlool  Mthodo»  eorriod  out  in  oupport  of  tooto  on  five 
dlfforoot  oifid  tusMl  laotoiiotlono. 
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Hoxluun  Mooh  ounber  Moourod  <m  the  tunnel  centreline  in  the  throot  of  the  ooouotic  liner 

MmA  nuubor  on  the  tunnel  oontrellno  ueoourod  ot  tunnel  ototlon  Z  s  340  in 

Inorouontol  Noch  nuuber  duo  to  rig  intorferonoo 

Axiol  dlotonoe  olong  the  tunnel 

Sponoioo  dlotonoe  frou  the  tunnel  centreline 

Incidence  onglo  of  onoet  flow 

Sidoollp  onglo  of  onoet  flow 


1  Introduction 


Developuent  of  couputer  booed  coloulotlon  netbods  hoo  now  reoched  o  otoge  where  their  integrotion  with 
wind  tunnel  booed  experiMntol  teohniqueo  boo  becoue  vorp  inportont.  It  io  unlikolp  tbot  the  theoreticol 
Mthodo  will  becoue  oufficientlp  relioble  to  ouperoede  the  wind  tunnel  in  the  foreoeeoble  future » 
porticuiorlp  for  o  oouplex  configurotion  ouch  oo  o  fullp  lodon  nilitorp  oircroft  whoro  the  grido 
neooooorp  to  doflno  tho  fullp  ooporotod  flow  oround  inotollotiono  ouch  oo  o  nultiple  otoro  carrier  or  on 
orrop  of  vortex  generotoro  defp  iuoglnotion.  Bquollpr  it  would  be  fooliob  to  Mouue  thot  exMriMntol 
results  ooimot  bonofit  frou  tho  opplicotlon  of  cooputotionol  tochniquoo,  ovon  for  configurotiono  where 
the  couplexitp  of  goouetrp  requires  gross  oi^plifiootiono  to  be  node. 


In  order  to  oorrp  out  onp  cooputotionol  fluid  dpnoaic  coloulotionfl>  It  is  neooooorp  to  nofce  o  voriotp  of 
ooouuptiono.  lopllclt  In  onp  oxiotlng  cooputotionol  Mtbod  oro  o  nuuber  of  oi^roxlMtions  to  the 
tiM«^opondent  Novler-Stokeo  equotiono  oo  thot  thep  con  be  solved  nuoericollp.  In  o^itiont  the  geouetrp 
of  the  configurotiono  nust  he  represented  in  o  oMericollp  precise  nonner  in  order  to  provide  o  ourfoce 
bouadorp  coadltioai  i^loh  is  then  sotlofled  ot  o  nuaber  of  discrete  points.  When  oppliod  to  wind  tunnel 
laotollotloBOi  oosuuptioiis  oust  be  aade  about  the  for  field  eondltlMio  which  will  generollp  not  be 
prooinelp  defioed.  Houever,  in  spite  of  ttese  ooouuptlout  it  io  poooiblo  to  aoke  uoo  of  tho 
coaptttotioaol  uothodo  to  guide  tke  Interpretotion  of  experiMntol  results. 

Tho  purpose  of  this  popor  is  to  doocribo  a  rouge  of  opplicotiono  io  which  thoorotiool  Mthodo  hove  been 
used  to  MhoBce  the  oxporiMntol  rooulto  in  oo  ottoupt  to  reduce  the  aognltudo  of  tho  oxperiaontol  error. 
iMVitoblpi  this  requires  tho  use  of  either  oouputotioaollp  ’oiaple’  aethodo  applied  to  cooplex 
ooaflgurotioaot  or  aore  cooplex  Mthodo  oppliod  to  geoMtrieollp  oiaplo  reprooentotiono  of  tho  probloa. 
The  Mtboda  used  will  be  described  brioflpt  with  purtioulor  roforeaoo  to  tbelr  liaitotioM  for  the 
rsqulrod  applicotloao*  Five  wiad  tuanel  iaotsilotioos  will  thoa  bo  OMoidorod,  indicotiag  oom  of  the 
beMfitn  which  coa  bo  obtolaed  frou  the  use  of  oooputetioMl  fluid  dpaoaio  Mthodo. 


2  PMOtlatloa  ot  n—ritical  —ttcdi  U««d 

Tk«  ooaputatlowl  attkods  omratly  arsilabl*  and  imdar  dartlepamt  caa  b«  divided  into  two  brand 
ontndorian.  nntl7t  thnra  nn  natkods  nhlok  am  aiaad  at  pnrtioular  prablana  ahlok  eonaequeatlj  have 
(aoaatrp  apacifioatiooa  appropriata  to  tka  oonfltaratlon  uodar  oonnidaratlon.  Tkaaa  uaa  atata  of  tka  art 
noltitlona  of  tka  aora  prooiaa  approxlaatloaa  to  Ua  Navlar-Btokna  aqaatioBa,  aitk  ceafiguratioa  apecific 
■rida.  Inaplan  of  tkaaa  am  tka  alad/kadr/prioa/naeolla  coda  of  Foraapi,  tka  aiad/tnaalada/fla  aad 
tailplaaa  aatkod  of  Bakar  and  Jaaaaon*  aad  tka  Baltlklook  tookaiqua  of  Waatkarlll  at  aH,  applloakla  to 
ooattax  alroraft  tfaoaatriaa.  Tka  aaooad  (raup  of  natkoda  la  oapobla  of  kaadliad  aora  (aaeral  ooavlax 
oonfifaratlona,  for  akiok  U  ix  oalp  aaoaaaarp  to  daflaa  tka  aarfaea  BPoaatrp.  Tkaaa  iaolada  tka  paaal 
aatkodn*'*,  aad  tkalr  traaaoale  davalopaant,  tka  fiald  latagral  natkodab,  Tkaaa  profraaa  nolvo  tka 
aiiplar  approxlaatiaaa  to  tka  floa  aqastlaaa,  kat  kava  tka  advaatada  of  baial  able  to  rapraioBt  a  varlatp 
of  mill  111,  aataatlp  latarfarlai  uua>oaiata  altheat  tba  aaad  to  raaort  to  oxtenalvo  grid  davalopaaat  for 
aaoh  applioatioa. 
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Vhen  coBsidering  the  Application  of  theoretical  Mtboda  to  wind  tunnel  rig  interference  calculations,  the 
panel  aethoda  can  be  aore  readily  applied  to  the  ooaplex  configuratione  under  consideration.  However,  it 
is  occasionally  possible  to  siapllfy  the  problea  so  that  the  acre  advanced  aethods  can  be  used  to 
consider  a  particular  aspect  in  detail.  These  applications,  re<iuirlng  gross  assuaptions  which  apply  the 
aethods  well  beyond  their  noraal  liaita,  eu  nevertheless  provide  valuable  guidance  in  the  assessaent  of 
wind  tunnel  inatallations.  It  it  therefore  worth  describing  here  the  progrsas  which  have  been  used,  and 
their  various  liaitations: 

SPABV^  (Source  Patch  and  Bing  Vortex).  This  is  a  panel  aethod  developed  at  BAe  (Brough),  applicable  to 
subcrltical  flow,  but  using  a  coapressibility  correction  to  extend  the  nethod  up  to  high  subsonic 
speeds.  In  fact,  we  carry  out  calculationa  for  cases  where  saall  regions  of  supercritical  flow  are 
present,  accepting  the  fact  that  the  flow  will  be  conputed  incorrectly,  but  using  the  results  to 
indicate  areas  which  require  careful  consideration.  A  large  nuaber  of  autually  interfering 
ooaponents  can  be  represented  by  source  or  doublet  distributions  at  the  centroids  of  the  panels. 
This  laplies  that  the  boundary  conditions  are  only  applied  for  these  specific  points  and 
consequently,  one  aust  ensure  an  accurate  representation  of  the  geoaetry  to  avoid  leakage  through  the 
surface.  However,  this  aust  be  balanced  by  the  United  nwber  of  panels  which  are  peraitted  by 
ooaputer  run  tlaea  and  disc  storage.  Ve  find  that  2000  panels  are  adequate  for  nost  calculations, 
particularly  when  it  is  possible  to  use  the  ayaaetry  of  the  configuration  to  halve  the  nuaber  of 
panels  required.  On  occaaiona,  it  aay  be  neceaary  to  siapllfy  the  geoaetry  under  consideration.  In 
fact,  it  would  not  be  reasonable  to  represent  configurations  precisely  where  one  would  expect  areas 
of  separated  flow.  In  these  cases,  a  siaplifled  geoaetry  wiU  provide  a  aore  accurate  representation 
of  the  external  flow.  Although  the  prograa  has  a  viscous  option,  this  is  unlikely  to  provide  a 
reliable  solution  for  this  class  of  configuration,  and  the  siaplified  geoaetry  is  noraally  defined  by 
an  experienced  user  of  the  aethod. 

ARA  Solid  Body  Prograas.  Two  programs  are  considered  for  configurations  which  can  be  represented  by  a 
single  solid  body.  A  aethod  due  to  Baker^  solves  the  Pull  Potential  Equation  for  axisyaaetric 

shapes.  Obviously,  this  has  a  Halted  application,  but  has  proved  useful  and  does  perait  the 
definition  of  discontinuities  with  a  closely  defined  grid  in  the  region  of  the  discontinuity,  which 
proved  valuable  for  one  of  the  applications  I  shall  be  describing.  A  generalised  solid  body  program 
due  to  Veatherill  and  Shaw^,  solves  the  Euler  equations  for  a  3D  body  set  at  incidence  and  sideslip. 
This  permits  calculations  with  aoderate  supersonic  onset  Mach  nuabers,  but  it  can  prove  difficult  to 
specify  a  grid  for  a  configuration,  particularly  in  regions  of  discontinuities  where  the  surface 
fitting  techniques  can  introduce  unsaoothness  in  the  geometry  specification,  with  consequent 
unsaoothness  in  the  pressure  distributions.  In  tact,  one  aust  be  particularly  careful  to  ensure  a 
fully  converged  solution  with  Euler  aethods,  which  sees  to  be  prone  to  computing  unsteady  pressures 
in  regions  of  where  the  geoaetry  appears  to  be  accurately  specified. 

ARA  Cowl  Program^.  This  aethod  solves  the  Full  Potential  Equation  for  generalised  inlet  shapes.  In  its 
present  application,  it  has  been  used  to  design  the  lip  of  an  acoustic  liner  for  the  ARA  Transonic 
kind  Tunnel.  Obviously,  this  did  not  perait  the  representation  of  the  adjacent  tunnel  wall,  but  this 
could  be  allowed  for  to  some  extent  by  using  the  aass  flow  ratio  in  the  calculation  to  define  the 
upstream  stress  tube  capture  area. 

Apart  from  the  codes  specified  here,  there  are  a  variety  of  aethods  in  use  for  comparison  with  the 

experiaental  results.  To  s<Nse  extent,  it  is  the  steady  iaproveaent  in  these  codes  which  drives  the 

deaand  for  Increasing  experiaental  accuracy  and,  on  some  occasions,  highlights  the  need  for  acre  careful 
experiaental  techniques.  One  aethod  which  appears  to  offer  prospects  for  future  assessaent  of  wind 
tunnel  data,  notably  from  the  point  of  view  of  wind  tunnel  interference,  is  the  Multiblock  approach^  in 
which  the  field  grid  is  broken  down  into  a  large  nuaber  of  blocks.  Obviously,  this  would  perait  the 

representation  of  the  wind  tunnel  wall  as  an  outer  boundary,  with  an  imposed  boundary  condition  to  natch 

measured  wall  conditions,  whilst  readily  permitting  an  extension  to  free  stream  conditions  for  a  direct 
calculation  of  the  flow  without  interference.  However,  although  this  aethod  already  exists  as  a  working 
tool,  It  requires  development  to  create  the  appropriate  topologies  for  wind  tunnel  applications,  and  at 
present,  reaains  one  of  the  aethods  against  which  wind  tunnel  results  are  compared. 

Having  mentioned  some  of  the  problems  involved  in  using  the  theoretical  aethods,  one  aust  emphasise  the 
attractions  of  the  aethods.  Primarily,  they  perait  detailed  analysis  of  the  coaplete  flow  field  without 
the  need  for  Intrusive  instruaentation.  Secondly,  they  perait  the  assessaent  of  saall  changes  to  the 
configuration  without  the  need  for  design,  manufacture  and  further  testing  with  the  inevitable  expense 
and  increased  timescale  which  this  involves. 

3  Application  of  Theoretical  Methods  to  kind  Tunnel  Investigations 

In  order  to  deaonstrate  some  of  the  applications  of  theoretical  aethods,  a  series  of  five  examples  will 
be  described  here.  The  ala  here  is  not  to  describe  the  results  in  detail,  but  rather  to  show  how  the 
methods  are  used  in  an  attempt  to  enhance  the  understanding  of  the  wind  tunenl  results.  Obviously, 
before  we  can  use  any  of  these  methods  with  confidence,  it  is  necessary  to  deaonstrate  the  reliability  of 
the  calculations.  This  is  developed  by  computing  results  for  existing  configurations,  particularly  those 
which  appear  anomalous,  to  give  a  sounder  understanding  of  the  flow  B€ tsureaents .  Although  there  will 
not  altrnys  be  a  precise  coaparison  between  theory  and  experiaent,  we  can  eetablish  a  level  of  confidence 
In  the  aethods  so  that  they  can  be  integrated  into  test  requireaents  where  measured  data  are  not 
available. 

3  .■l_f.|gULt^-yRPkUg-l»U 

The  ARA  isolated  nacelle  rig^^,  shown  in  Fig  I,  is  nsed  to  aeasure  the  internal  performance  and  spillage 
drag  of  engine  inlet  cowls  for  subsonic  transport  aircraft.  Internal  mass  flow  is  controlled  by 
independent  suction  and  the  flow  quality  is  aeasured  at  the  engine  face  using  rakes.  Externally,  cowl 
surface  presaurea  are  aeasured  and  the  spillage  drag  is  obtained  froa  the  aoaentua  loss  aeasured  by  an 
array  of  5  pltot/static  rakes  which  rotate  through  96'.  The  full  360'  field,  is  obtained  by  assoalng 
syametry  in  the  vertical  plMe.  Corrections  to  the  aeaeured  data  were  developed  during  the  cMBlssionlng 
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of  tko  rig  bf  ooaporlMH  with  «  aaollor  soolo  (6«ft  blookago)  inotollotioa.  gowovwrt  during  the  couree 
of  Mae  iKrodaotioa  testing  in  l$t3»  s  single  cowl  was  tested  with  the  stuiderd  S  era  drag  t^e  sod  with  e 
IS  SIB  rnhe,  aounted  st  the  crest  of  the  cowl,  intended  to  nessure  the  forebodj  dreg  slone.  The  results 
froa  this  noamirison  shewed  s  large  disorepsnof  between  the  forebodj  i^ressure  distributions  nessured  on 
the  two  ooafigumtiMs  (fig  21 »  iadlosting  s  signifiesnt  inoonsistenoj  between  the  two  tests.  Pull 
detnils  of  the  esteaslve  ei^eriaMtsl  sad  tbeoreticsl  iavestigstion  have  been  presrated  bj  Carter  and 
Rirstll.  for  presMt  purposes,  it  is  sufficient  to  consider  the  contribution  of  the  theoretical  nethods 
to  the  calculation  of  the  interfersncs  to  the  nacelle  rig. 

for  these  calculations,  the  8PABV  nethcd  was  used  to  represent  the  nodel  support  strut,  the  drag  rake 
eras,  the  boundarj  lajer  rakes  and  the  centre  bodj,  using  a  total  of  1460  panels.  No  attenpt  was  aade  to 
nodel  the  inlet;  instead,  the  centre  bodj  was  extasded  forward  as  a  parallel  body  so  that  disturbances  in 
ths  vieinitj  of  the  cowl  could  be  attributed  diieetlj  to  the  interference  fron  the  rig.  Sinilarlj,  no 
attest  oould  be  nads  to  allow  for  the  tunnel  walls  which  hare  22%  open  area  perforations,  since  these 
could  not  be  adequately  allowed  for  la  these  calculations.  Consequently,  it  is  pot  possible  to  conpute 
nodel  blooknge  naing  thia  nethod.  The  SfABV  panelling  of  this  configuration  in  shown  in  Pig  3,  with 
the  oonputed  body  surface  Msoh  nunbers  shown  in  fig  4.  It  is  apparent  that  the  12  am  rake  has  such  a 
larga  affeet  ea  the  forebody  Mach  niabera,  both  la  tame  of  a  deficit  and  a  gradient  along  tbe  surface, 
that  tha  results  can  be  eonsiderad  imocrreetabia.  Tbe  standard  S  am  rahe  has  a  snaller,  but  still 
significant  effaot  on  the  surface  Mach  nunbers  and  even  tbe  taper  of  the  centre  body  without  rakes 
reaults  in  a  Msoh  nunber  reduction  of  the  order  0.003,,  with  an  aaeociated  gradient  in  the  vicinity  of 
the  cowl. 

The  effect  of  the  drag  rakca  on  the  Hnch  nu^er  in  the  plsne  of  the  rnke  neasurenent  le  shown  ss  a 
oonputed  distribution  in  Pig  S,  with  the  aeeoointed  distribution  in  local  Mach  nunber  along  the  rake  am 
in  Pig  6.  Tbe  oonpariaon  with  the  experinentally  aeaeured  values  shown  here  lends  sons  confidence  to  the 
calculations,  although  there  is  a  suggestion  that  the  actual  effects  aay  be  slightly  greater  than  the 
values  calculated,  particularly  near  tbe  surface  of  the  body. 


The  ARA  store  drag  rig  (Pig  7)  is  used  to  neasure  the  'isoleted'  drag  of  detailed  representations  of 
externally  carried  stores,  providing  a  data  bank  of  drag  neasurenents  as  s  basis  for  instslled  drag 
prediction  nethods.  The  stores  are  mounted  froa  a  long  support  tube  with  a  live  or  earthed  pylon. 
Conpsrlson  between  free  flight  date  and  rig  aeasurenents  of  the  drag  of  a  Ml  10  boab  had  led  to  the 
davelopnent  of  an  enplrioal  correction  nethod  which  used  pressure  nessurenente  on  the  upper  surface  of 
the  sunMrt  tube  to  allow  for  a  buoyancy  effect.  However,  it  seened  likely  that  a  eignificant  proportion 
of  the  drag  difference  could  be  due  to  close  interference  between  the  pylon  and  the  store.  The  SPAKV 
panel  nethod  was  therefore  used  to  eoapare  the  flow  aroiad  an  isolated  store  with  the  full  rig 
installstion  in  order  to  consider  this  effect. 

The  isolsted  store  drag  rig  was  nodelled  using  1400  panels,  ss  shown  in  Pig  8.  No  stteapt  was  nsde  to 
represent  the  tunnel  walls  in  this  calculation.  In  order  to  establish  a  level  of  confidence  in  the  close 
interference  effects,  and  to  confim  that  thie  was  the  doninsnt  effect,  oonparisone  were  aade  between 
local  Mach  nunbers  neasured  on  the  top  of  the  support  tube  and  those  conputed  by  SPARV.  Tbe  results, 
shown  in  Pig  9,  confim  that  these  results  are  predicted  well,  even  st  H  s  0.9,  when  the  local  Mach 
maiber  on  the  support  tube  approaches  unity  and  there  would  obviously  be  enbedded  regions  of  supersonic 
flow  in  the  vicinity  of  the  pylon. 

Although  it  is  possible  to  predict  pressure  dietributions  adequately  using  theoretical  nethods,  it  is,  of 
course,  s  vastly  different  propoetion  to  attempt  to  integrate  tbe  preeeures  in  tbe  axial  direction  to 
conpute  drag.  Not  eurprisingly,  the  integrated  drag  froa  the  8PARV  results  was  significantly  in  error, 
and  could  not  be  used  on  an  abaolute  basis.  However,  the  increnentsl  difference  due  to  the  pretence  of 
the  rig  did  prove  to  be  nore  resaonable,  end  this  rae  used  to  correct  tbe  neasured  drag  obtained  fron  the 
rig.  The  resulting  corrected  drag  ie  conpared  in  Pig  U  with  the  drag  neasurenents  fron  sting  aounted 
tests  and  with  the  enpirically  corrected  reeulte.  It  should  be  noted  here  that  a  enall  difference  in 
drag  levels  between  the  sting  aounted  and  rig  aounted  tests  would  be  expected  because  of  differences  in 
tbe  detailed  representation  of  exoreseencea.  Ilkie  iacreneot  would  be  expected  to  renain  constant  with 
Mach  nwber  over  the  range  ehown  and  hence,  the  correction  derived  fron  the  SPARV  calculations  can  be 
oonaidered  a  very  encouraging  result. 

3.3  The  Twin  Sting  Model  Support 

Tbe  twin  sting  rig  is  used  in  the  AMA  Transonic  Wind  Tunnel  to  support  civil  aircraft  nodels,  with  one 
sting  connected  to  the  lower  surface  of  etch  wing.  This  pemits  tte  accurate  representation  of  the  rear 
fuaelagn  and  enpennage  and  hence,  detailed  changes  in  the  afterbody  can  be  investigated.  However,  the 
absolute  drag  neasured  on  s  balanced  reer  fraelage  ie  senaitive  to  very  eanll  levels  of  rig  interference; 
for  exsnple,  e  nean  Cp  of  0.001  over  the  rear  fuselage  can  anount  to  an  error  in  of  0.0001  for  a 
configuration  where  the  fuselage  cross  sectional  area  is  1/10  of  the  wing  area,  which  la  typical  of  sons 
wide  bodied  Jets.  The  panel  nethod  SPABV  has  therefore  been  used  to  inreetigate  the  forward  pressure 
field  and  flew  angles  due  to  the  rig  interference.  Thie  investigation  considered  the  effect  of 
alternative  sting  poaitiona  and  designs,  together  with  detailed  contribotio ^s  froa  each  of  the  oonponenta 
of  the  rig. 

The  twin  sting  rig  (shown  in  Pig  12|  was  nodelled  using  1142  panels  to  rspressnt  the  central  best,  yoke 
plate  and  sting.  No  ittenpt  was  aade  to  allow  for  tbe  tunnel  walls,  which  ars  unlikely  to  have  a  aajor 
effect  on  the  inoreaeots  considered  here.  More  signifiosatly,  no  sttenpt  wss  nnde  to  represent  the 
parent  aircraft,  Md  consequently,  the  calculsted  influence  of  the  lending  edge  of  ^e  stings  sssubm  a 
fres  air  condition  sad  ignores  ths  interference  with  the  wing  lower  surface.  Since  the  caloulatlona  are 
carried  ont  et  snail  laoldenoes,  this  is  not  liknly  to  have  a  najor  effect  on  tho  Incrcnsntal  differoneos 
whioh  havo  been  obtained,  altbMgh  we  would  ideelly  oonsidor  a  roprosentatlve  aircraft  ahapa  sad  carry 
out  calculations  with  sad  without  tho  suppoK  rig  prosoat.  Bowever,  this  would  require  a  very  large 
mtfber  of  panels,  which  wss  not  feasible  for  tbls  psrtioular  invostigation. 
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TW  eoi9ttt«d  •ff«ot  of  tiio  tola  atiai  rif  oa  tko  proaaureo  ia  the  vioialty  of  the  aodel  is  showo  la  Pig 
Ui  aa  eoQtonre  of  iaoroMatal  Cp.  A  tTplcaX  ooaflturatioa  afterbody  position  is  superiaposed  on  the 
floldi  bat  not  iaoladod  in  the  oalculatioa*  It  is  apparent  that  the  inoreaeatal  pressures  on  the 
afterbody  are  saffieioBt  to  oaaso  a  sifaifioaat  error  in  the  absolute  afterbody  drag  levels  for  this  rig 
srrangeaont,  aXthoaih  inersaaBtal  difforeaoes  botaeea  oonfiguratioas  are  unlikely  to  be  affected.  The 
ooatribatioa  of  the  throe  ooapoaoat  parts  of  the  tala  stiag  rig  to  the  inoreaeatsl  pressures  is  shorn  in 
Pig  14»  Ibis  shoes  that  the  doelnaat  coapoaoat  at  sere  iaeideaoe  is  the  centre  boss  of  the  rig  iriiich  is 
used  to  support  the  twin  sting  rig  on  the  aodel  cart.  The  addditional  effect  of  the  yoke  plate  and  the 
stings  coatributes  approaiaately  30%  of  the  assn  pressure  ebaage  over  the  afterbody. 

a. 4  gti«*  apd  Modsl  Ih*— oothaess 

A  oheok  oallbratioa  of  the  AfiA  Traasoaic  Viad  Tiauel  has  reoeatly  beeo  carried  out  using  a  long 
oeatrellne  proboi  supported  far  upstresa  ahead  of  the  flexible  supersonic  noeslet  to  aeasure  the 
centreliao  Mach  auaber  distributions.  In  order  to  expedite  the  installation  of  the  prote»  it  was  adapted 
to  fit  into  a  coaplete  nodal  roll  unit  using  a  tapered  sting  (Fig  IS),  rather  thM  the  original 
installation  which  replaced  the  roll  unit  in  the  ao^l  cart.  This  had  the  additional  advantage  of 
calibrating  the  tunnel  ia  the  presence  of  the  coaplete  aodel  sui^rt  systen  and  indicating  the  forward 
influence  of  the  stiag  and  roll  unit  taper  on  the  centreline  Mach  nuabsrs.  However,  we  also  required  to 
asssure  the  position  of  the  fall>off  in  tunnel  Mach  nuaber  in  order  to  define  the  rearward  Halt  of  the 
working  section.  Consequently,  it  was  necessary  to  coaputs  the  effect  of  the  tapered  sting  sod  roll  unit 
on  the  surface  pressures  in  order  to  identify  where  the  nessured  results  deviated  froa  this  distribution. 

Since  there  was  no  rMuireasot  to  represent  the  tunnel  walls  in  this  exercise,  the  nethods  of  Bsker^  and 
ffeatherill  sod  Shsw«  could  be  used,  treating  the  probe,  tapered  sting  and  roll  unit  as  s  body  of 
revolution.  Although  this  eeeas  s  trivial  task,  s  vsristy  of  probleas  were  encountered  before 
eatiefsetory  ooaputed  results  were  achieved.  Firstly,  the  very  high  fineness  ratio  of  the  probe  led  to 
an  unacceptably  coarse  grid  in  the  region  of  interest.  It  was  therefore  necessary  to  close  the  forebody 
arbitrarily,  reducing  the  overall  length  Init  ensuring  that  it  was  sufficiently  far  upstresa  for  the 
influence  of  the  nose  to  be  snail  for  a  reasonable  distance  upstreaa  of  the  tapered  sting.  Secondly,  the 
Buler  code  required  the  body  to  be  defined  as  a  continuous  surface.  It  proved  iapossible  to  define  the 
disoontinuities  on  the  tapered  sting  in  this  way  without  inducing  osolllstiont  in  the  surface  geoaetry, 
sad  it  beosae  necessary  to  write  a  specific  grid  generation  progrsa  for  this  application  of  the  aethod. 
Finally,  the  Euler  code  was  found  to  produce  tasaooth  Mach  niaber  distributions,  even  for  nuaeriesDy 
SBOOth  geoaetry.  This  was  partly  due  to  the  degree  of  convergence,  and  a  large  nuaber  of  iterations  were 
used  to  ainiaise  this  contribution.  Additionally,  there  appears  to  be  a  spurious  entropy  in  the  solution 
which  falls  to  converge.  This  was  sufficiently  large  for  the  theoretical  results  to  be  unusable  at 
subsonic  speeds.  Supersonically,  where  the  or^r  of  accuracy  of  the  aessured  flow  is  significantly 
lower,  the  results  could  be  used  with  soae  caution,  particularly  since  the  contribution  froa  the  sting 
can  be  taken  to  be  sero  everywhere  upstresa  of  the  taper,  which  covers  the  working  section  for  all  aodels 
which  are  likely  to  be  tested  at  supersonic  speeds. 

The  coaputed  effects  of  the  tapered  sting  are  coapared  with  the  aessured  pressures  on  the  calibration 
probe  in  Fig  16,  and  it  is  apparent  that  the  theoretical  nethods  are  providing  a  satisfactory  prediction 
of  the  taper  effect  in  spite  of  the  probleas  encountered  in  using  the  prograas.  Coaparison  between 
theory  (Baker)  and  experlaent  at  subsonic  speeds  shows  that  the  aft  end  of  the  working  section  can  be 
identified  as  tunnel  station  415.  Supersonically,  there  is  no  obvious  fall  off  in  tunnel  Mach  nuaber 
over  the  range  of  aessured  pressures.  However,  there  are  snail  disturbances  in  the  local  Mach  nunber 
over  the  length  of  the  working  section.  These  can  be  traced  back  to  changes  in  the  tunnel  wall  geoaetry; 
for  exaaple,  the  walls  have  graduated  perforations  to  optiaise  the  flow  distributions  at  transonic  Mach 
nuabers  and  the  position  at  which  the  perforated  walls  reach  aaxiaui  ventilation  can  be  identified  as  a 
sasll  dlsturbuice  which  outs  the  centreline  probe  in  the  vicinity  of  the  sting  taper. 

The  probleas  in  defining  s  saooth  surface  geoaetry  for  the  Euler  cslculstions  led  to  soae  consideration 
of  the  effect  of  aachining  accuracy  on  the  aeasured  preasures.  Measureaents  of  the  probe  diaaeter  over  a 
20  inch  length  showed  s  sasll  variation  which  was  within  the  asnufseturing  tolerance,  but  could  be 
identified  sa  s  wave  in  the  local  surface.  Cslculstions  using  Baker’s  Full  Potential  code,  shown  in  Fig 
17,  indicated  that  the  effect  of  this  wave  was  significant  in  teras  of  the  required  accuracy  of  the 
pressure  aeasureaents «  However,  the  progrsa  sssuaed  an  sxisyaaetric  distribution  of  the  aachining 
inaccuracy,  which  was  obviously  inappropriate.  Therefore,  it  was  not  possible  to  natch  the  pressure 
tapping  signatures  which  had  been  identified  and  corrected  by  experiaentsl  neans.  In  order  to  assess 
this  effect  theoretically,  it  would  be  necessary  to  ensure  s  precise  tbreenlinensionsl  surface  geoaetry 
with  a  surface  grid  which  ia  sufficiently  fine  to  identify  the  variations  in  curvature.  This  Is  well 
beyond  any  theoretical  code  which  is  curreatly  available.  However,  it  does  highlight  a  difference 
between  theory  Md  experiaent  which  could  apply  to  any  test  application.  Generally,  these  aaall 
differeacea  in  surface  definition  are  not  significant  for  attsebsd  flow  oooditions,  but  tbs  advent  of 
acre  advanced  tbeoreticsl  codes  which  stteapt  to  handle  separated  conditions  will  need  to  identify 
details  which  can  trigger  the  separated  flow. 

3.5  Acoustic  Liner  Design  aBd_Flg_w  Uniforaitj 

Aa  acoustic  liner  is  currently  under  development  for  use  in  the  ABA  Trsnson.c  Hind  Tunnel  (Fig  18),  siaed 
St  providing  an  seousticslly  quiet  environaent  for  propeller  noise  testing.  Apart  fr<»  the  obvious  need 
to  aeet  the  necessary  acoustic  standard,  there  are  several  requireaents  on  the  aerodynaaic  standard  of 
the  liner  to  eaawre  satisfactory  results.  The  specific  coastrsints  which  need  to  be  net  include: 

a  uBlfora  Maoh  nurtier  distribution  within  0.01  of  the  required  value,  extending  forward  to 

tunnel  statim  330  in  up  to  M  s  0.85, 

n  Mach  oumbar  at  the  location  of  the  propeller  diao  which  it  within  0.005  of  the  required 

value  up  to  H  s  0.85, 
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•  %  Mloropbon*  Trftv«r«iiii  Big  (HTB)  lAich  i*  tuffioiftntly  str<Mg  to  locate  the  aioroghoDos 
to  withlii  0.1  la  of  the  specified  positiMi  is  the  tunnel.  The  inpliostion  of  this  is 
that  a  large  body  will  be  aoving  fore  and  aft  on  tracks  in  an  effectively  solid  nail 
tunnel  and  it  is  necessary  to  ensure  that  the  above  Mach  nuaber  criteria  are  satisfied 
for  all  positions  of  the  rig. 

These  constraints  can  be  translated  into  aerodyaanio  design  reguirMonts  thus: 

•  design  a  liner  lip  nhich  will  accelerate  the  flow  up  to  a  c<»stant  working  section  Mach 
nunber  without  ths  risk  of  choking  in  the  throat  for  Mach  nunbers  up  to  H  s  0.8S, 

•  investigate  the  interference  between  the  nodal  support  systen  and  the  liner  walls  to 
ensure  that  the  flow  renains  within  Um  specified  tolerances  in  the  working  section 
and  that  there  is  no  risk  of  choking  arou^  the  nodal  support* 

•  investigate  the  affect  of  the  IfTB  on  the  Mach  nuaber  distribution  in  the  working 
section  for  its  full  range  of  novenant. 

1^.1  _LlP  design 

The  leading  edge  of  the  liner  is  positioned  at  tunnel  station  260  in*  with  the  lip  estending  back  to 
station  304  in.  Initially*  a  sinple  blunted  <^ive  lip  section  was  chosen*  relying  on  the  change  in  liner 
cross  sectioesl  area  to  accelerate  the  flow  snoothly  up  to  s  unifom  Mach  nunber  in  the  working  section. 
However,  tests  in  a  1/12  scale  representation  of  the  transonic  tunnel  fitted  with  a  aodel  of  the  liner 
suggested  that  the  constant  Mach  nuaber  would  not  be  achieved  by  the  reguired  tunnel  station.  This  led 
to  an  aerodyaaaic  redesign  of  the  liner  lip  section  shape  in  an  atteapt  to  extend  the  working  section  of 
the  liner  further  forward. 

Details  of  the  liner  lip  arrangMent  in  the  tunnel  are  shown  in  Pig  16a,  and  it  is  apparent  that  the 
geoaetry  cannot*  and  should  not,  be  aodelled  precisely  for  the  theoretical  calculations.  The  boundary 
layer  bleed  control  plate  is  adjustable  at  this  stage  to  pemit  the  optinisation  of  the  bleed  gap.  This 
will,  of  course,  be  replaced  by  a  splitter  plate  when  the  design  is  finalised.  The  boundary  layer  bleed 
is  teralnated  by  a  structural  fraae  with  a  saaller  bleed  behind  the  liner  into  the  perforated  tunnel  wall 
section.  The  best  theoretical  spproxiaatiMi  to  this  arrangeaent  is  to  atteapt  to  natch  an  upstreaa  flow, 
giving  the  correct  Mach  nuaber  in  the  basic  twmel  section,  with  a  downstreaa  flow  appropriate  to  the 
working  section  of  the  liner.  The  details  of  the  flow  in  the  vicinity  of  the  lip  can  then  be  satisfied 
by  ensuring  a  representative  stagnatiM  streaaline*  with  the  correct  internal  liner  lip  shape. 

Two  theoretical  aethods  were  considered  in  the  design  of  the  liner  lip.  Firstly,  the  SPARV  prograa  was 
used*  representing  the  tunnel  as  an  inverted  body  {that  is,  a  body  with  Inward  pointing  noraals).  In 
this  case*  the  configuration  is  treated  as  a  throttled  tube  with  the  Mach  nuaber  at  upstreaa  infinity 
adjusted  to  give  the  correct  Mach  nuaber  in  the  working  section  of  the  liner.  For  these  calculations, 
the  'stagnation  streaaline'  was  approxiaated  by  a  fairing  between  the  upstreaa  tunnel  section  and  the 
liner  lip  (Fig  i9b).  Although  the  results  were  used  as  a  positive  guide  to  the  lip  design,  these 
calculations  were  priaarily  used  to  show  whether  this  was  an  appropriate  representation  of  the  tunnel  for 
rig  interference  calculations.  Secondly,  the  ARA  cowl  prograa  was  used  to  investigate  alternative 
detailed  specifications  of  the  inlet  lip  shape.  In  this  case,  the  liner  was  treated  as  a  rectangular 
cowl  with  a  field  grid  which  gave  an  accurate  specification  of  the  lip  shape  (Fig  19c).  Since  no 
representation  of  the  upstreaa  tunnel  walls  was  possible*  the  aass  flow  ratio  was  specified  to  ensure  the 
correct  streaa  tube  cross  sectional  area  far  upstreea.  The  prograa  was  then  alloi^  to  ooapute  its  own 
stagnation  streaaline,  which  appeared  to  give  a  satisfactory  flow  calculation. 

Although  the  theoretical  representations  of  the  liner  lip  do  not  represent  an  accurate  geoaetric 
specification  of  the  liner,  it  is  felt  that  they  provide  the  aost  appropriate  aerodynaaic  solution  within 
the  constraints  iaposed  by  the  prograas.  The  Mach  nuaber  distrilMtions  for  the  staple  lip  design  are 
coapared  with  the  1/12  scale  aodel  teats  in  Fig  20.  Unfortunately,  the  test  results  did  not  achieve  the 
required  free  streaa  Mach  nuaber,  but  it  ie  apparent  that  the  cowl  prograa  provides  a  good  indication  of 
the  acceleration  of  the  flow  due  to  the  liner  lip  (bearing  in  Bind  that  a  given  increaent  in  working 
section  Msoh  nuaber  will  be  achieved  by  a  auch  sailer  change  in  upstreaa  Mach  nuaber).  The  8PABV 
results  are  a  little  disappointing  in  that  they  do  not  provide  as  good  sa  Indicstion  of  the  acceleration 
into  the  liner.  This  is  thought  to  be  due  to  the  very  coarse  panelling  in  the  vicinity  of  the  lip, 
resulting  in  s  signiflcMt  leakage  througk  the  tunnel  walls.  However,  the  results  do  appear  to  be  s 
positive  indioatioQ  of  the  character  of  the  flow  develoapent  end  are  conaidered  a  aatisfaotory  baaia  for 
the  rig  interference  calculations  where  alternative  nethods  are  not  applicable. 

In  redesigning  the  liner  Up,  the  fundanental  requirenent  ie  obviously  to  increase  the  bluffneee  of  the 
section  without  generating  sufficiently  bt^  local  Msoh  nunbers  to  cause  the  flow  to  choke  in  the  throat. 
The  Mach  nunber  distributions  oalculsted  for  three  Up  designs  are  shown  in  Fig  21.  Lip  I,  the  blunted 
ogive  dealgn*  hae  conparatively  low  surface  Mach  mabers  but,  of  course,  has  a  delayed  rite  to  a  unifom 
working  section  flow.  Lip  2,  which  usos  a  bluntod  ogive  with  a  higher  bluffneas  ratio,  accelerates  the 
flow  nore  rapidly  to  a  unifom  levsl,  but  creatsa  undeslmbly  high  valooities  on  the  Up  surface,  which 
could  lead  to  the  flow  beooniag  choked.  Finelly,  lip  9,  which  uees  a  super-elliptic  shape  (ie  an 
equation  of  the  fom  (x/e)<^  *  s  1),  with  a  nodified  leading  euge,  reduces  the  suction  p^  whilst 

naintalniag  the  inproved  accelemtion  to  s  constant  working  section  Hsoh  nunber. 

The  soottstio  liner  kss  now  undergone  testing  in  the  ABA  Transonic  Bind  Tumiel*  using  the  Lip  9  design. 
No  pressures  sre  amilsbie  on  the  Up  itself*  bnt  neasiirenents  on  the  centreline  calibration  probe  (Fig 
21)  Indicate  that  there  are  no  problens  with  the  Up  design.  In  fact*  the  msulte  shown  in  Fig  22  show 
that  stable  Haoh  nunber  diatributlone  can  be  obtained  in  the  User  up  to  M«40  s  0.9.  Beyond  this  value, 
a  very  enall  change  In  iqpetreen  Haoh  amber  results  in  the  flow  in  the  liner  beoonlng  choked*  altkom# 
this  effect  would  be  expected  based  upon  area  ratio  ooneldemtions.  However,  the  reeulte  show  that  the 
liner  Up  renalne  well  behaved  beyond  the  design  requirenent  of  M  :  0.65. 


The  propellere  teeted  in  the  eeouetle  ll&er  will  uee  one  of  two  nltenintive  Bodel  support  systess.  The 
first*  which  is  n  eoapemtiwely  Biiior  Bodificstion  to  the  stsnderd  coaplete  nodel  support  sjrsteBi  usinf  s 
hlfh  pressure  sir  su^lj  to  power  the  propeller*  is  not  thought  liheiy  to  esuse  signifieent  interference. 
The  second  is  s  Isrger  instsUstlon*  designed  to  house  two  electric  sotors  driving  contre-rotsting 
propellers.  This  Is  likely  to  heve  e  Bore  serious  effect  on  the  timnel  flow  end  therefore  8PAKV 
csleulstioBS  were  csrried  out  to  Investigste  the  Bsgnitude  of  the  flow  disturbance  due  to  this  eodel 
support,  and  to  consider  possible  nodificatioas  to  the  liner  walls  to  pemit  sone  co^ensation  for  this 
effect. 

The  acoustic  liner  and  tunnel  walls  were  aodelled  using  900  panels  as  shown  in  Fig  23.  No  sttrapt  was 
Bade  to  represent  the  shape  of  the  basic  tunnel  nossle  upstreea  or  the  diffuser  downstrean  since  these 
would  be  unlikely  to  have  any  effect  on  the  Interference  between  the  aodel  eupport  and  the  liner 
representatlcn.  A  further  900  paaela  were  rei|ulred  to  represent  the  Bodel  support  body,  including  a 
long,  parallel  forward  extension  used  to  provide  an  indication  of  the  magnitude  of  the  rig  interference 
in  the  vicinity  of  the  propeller. 

Calculations  were  carried  out  using  SPABV  in  its  inviscid  node.  In  this  case,  it  would  have  been  very 
desirable  to  compute  the  development  of  the  boundary  layer  on  the  walls  of  the  liner.  However*  these  are 
Bade  from  perforated  plate  to  enaure  the  effectiveneae  of  the  acouatic  foam  layer  behind  the  walls,  and 
the  viacQua  module  would  not  be  appropriate  for  thia  type  of  surface.  Coneequently ,  an  allowance  for  the 
boundary  layer  developaent  was  bs^  eBpirically  in  addition  to  the  coBput^  wall  interference 
calculations. 

fte  effect  of  the  large  centre  body  on  the  Haeh  number  distribution  In  a  liner  with  parallel  walls  is 
shown  in  Pig  24a.  Obviously,  the  aain  problem  derives  from  the  forward  influence  of  the  model  support 
system  which  creates  s  pressure  field  extending  upstrenm  to  the  vicinity  of  the  propeller  plane.  Further 
downstream,  the  flow  accelerates  around  the  model  eupport  and  there  is  a  risk  of  the  flow  becoming  choked 
in  this  region  before  the  required  working  eection  Mach  number  is  achieved.  In  an  attempt  to  alleviate 
theae  problems,  nodiflestiona  to  the  liner  wells  were  considered.  An  example  of  the  effect  of  a 
contoured  nurface  in  shown  in  Fig  24b,  where  the  waisting  of  the  liner  is  chosen  to  match  the  cross 
sectional  area  of  the  centre  body.  The  Mach  number  dietributiona  show  that  thia  has  an  exceasive  effect 
ofi  tha  timnel  flow.  Cettainly,  the  velocitiee  in  the  vicinity  of  the  centre  body  are  significantly 
reduced.  However,  the  forward  preature  field  extends  further  upstream,  into  the  working  section  of  the 
liner.  This  is  particularly  apparent  with  the  Mach  number  distributions  in  the  plane  of  the  propeller, 
shown  in  Fig  25,  where  there  is  an  increase  in  the  velocity  near  the  walls  due  to  the  contoured  surface, 
and  s  greater  reduction  nenr  the  centreline  due  to  the  forward  preature  field  of  the  centre  body. 

It  is  apparent  fron  the  results  shown  in  Figs  24,  25  that  significant  changes  in  the  flow  field  can  be 
achieved  by  small  modifications  to  the  liner  walls.  In  particular,  the  optimum  deeign  of  the  liner  is 
obtained  by  a  small  divergence  from  the  parallel  walls  shown  in  Fig  24a,  rather  than  the  major  reshaping 
of  Fig  24b.  Besulta  from  the  calculations  permit  these  detign  changes  to  be  investigated  simply, 
•mabllttg  a  balance  to  be  obtained  between  the  uniformity  of  the  working  section  Mach  number  distribution 
and  minimising  the  high  velocities  in  the  vicinity  of  the  support  body. 

3.5.3  Investigation  of  the  MjcrophoBe  Traversing  Big 

It  has  already  been  noted  tbnt  the  aicrophone  position  error  requirements  demand  a  structurally  solid 
rig.  In  fact,  the  resulting  MTR  cross  sectional  area  distribution  gives  s  blockage  in  excess  of  0.5X 
and,  inevitably,  this  has  a  significant  effect  on  the  flow  in  the  working  section  of  the  tunnel.  In 
particular,  the  fore  and  aft  aovement  of  the  rig  means  that  an  allowance  must  be  made  for  the  position  of 
the  rig  in  computing  the  tunnel  Mach  nuaber. 

The  photograph  of  the  MTB  (Fig  26)  makes  it  apparent  that  it  cannot  be  represented  accurately  uaing  a 
reasonable  nuaber  of  panels  in  the  SPARV  program.  Two  approximations  to  the  rig  have  been  considered  to 
Investigate  its  influence  on  the  tunnel  flow.  Firstly,  s  body  of  revolution  was  used,  astching  the  cross 
sectional  area  distribution  of  the  nn  plus  an  assumed  wake  downstream  of  the  body  and  legs  of  the  rig. 
Secondly,  the  rig  was  represented  slightly  more  sccumtely  by  treating  the  body  as  a  body  of  revolution 
and  the  legs  as  thick  ’lifting'  surfaces.  Again*  a  linear  wake  was  assumed  behind  both  the  body  and  the 
legs  of  the  rig. 

Since  the  HTH  is  in  close  proximity  to  the  walls  of  the  liner,  it  was  thought  to  be  important  to  minimise 
the  leakage  through  the  walls  for  these  calculations.  Therefore,  the  liner  working  section  was  treated 
as  a  parallel  tube,  extending  lent  fnr  upstrenm  nnd  downstrenm  than  the  representation  used  earlier  and 
hence,  permitting  a  denser  panelling.  The  resulting  modelling  of  the  rig  installed  la  the  working 
section  is  shown  In  Fig  27,  using  n  total  of  19S8  panela  to  represent  the  complete  configuration. 

The  computed  Mach  number  distributions  on  the  tunnel  port  and  starboard  walla  are  shown  In  Fig  26. 
OimpariaoB  with  the  exparimental  aeaaurementa,  shown  as  a  band  covering  a  wide  range  of  propeller  power 
aattlnga,  highlighta  acme  of  the  problema  idiich  can  occur  in  using  theoretical  methods.  It  is  apparent 
that  there  is  a  aerioue  error  in  the  calculaticms  with  the  full  HTR  repreeentation,  whereas  the 
equivalent  bo<^  of  revolution  provides  a  aessible  approximation  to  the  effect  of  the  rig  on  the  tunnel 
flow.  Conaideration  of  the  Mach  au^er  diatributiom  at  tunnel  station  350  in  shown  in  Fig  29,  emphasises 
the  reaaiNt  for  the  difference  between  the  two  calculations.  Vhan  the  HTR  legs  are  repreeented,  the 
program  predicts  extremely  high  velocities  between  tbe  lega,  close  to  tbe  body.  Thia  aeans  that  the 
valoeltiem  elaewhare  In  the  field  are  aignifieamtly  lower,  in  order  to  conserve  mass  flow.  Obviously, 
tbla  Nmeb  mumber  distribution  is  Infeasible,  and  tbe  program  is  being  used  beyond  its  range  of 
applicability.  However,  the  results  can  be  interpreted  as  suggesting  that  this  region  could  be  a  source 
of  pri^lema  and  that  cartful  conaideration  abeuld  ba  given  td  tbe  deveiled  design  of  the  installation. 
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Coaclmioiia 


The  aia  of  thia  paper  waa  to  deaooatrate  a  varietjr  of  appl&oatiena  is  ahioh  ooaputatioaal  aethoda  can 
aaalat  in  the  deaign  of  wind  tunnel  riga  and  in  the  latarpraUtioa  of  the  aaaaiirod  reaulta.  It  ia 
concluded  that: 

It  ia  neceaaarjp  to  aake  varioua  aaauaptioM  in  uaiag  thaoretioal  aethoda>  both  in  the  fora 
of  aiaplifioationa  of  the  flow  eguationa  and  the  gooMtrio  raproaoatatioa  of  oo^lex 
configurationa. 

•  Care  auat  be  taken  to  enaure  that  geoaotrio  aiaplifioaticma  retain  the  aerodfaaaic 
charaoteriatlca  of  the  problea  to  be  aolved.  Tbla  any  involve  different  repreaeatationa 
of  a  given  coaponent  for  different  applicationa. 

•  Theoretical  caloulationa  can  provide  valuable  aaalatanoe  in  the  deaign  of  wind  tunnel  rigai 
enaurlng  an  acceptable  flow  quality  in  the  working  aectioa  of  the  tunnel. 

«  The  calculationa  can  aid  the  interpretation  of  aeaaured  reaulta,  particularly  when 
anoaaloua  behaviour  ia  found  in  the  experiaenta. 

•  The  calculationa  can  provide  reaulta  which  pemlt  the  correction  of  experiaental  data 
and  hence,  inprove  the  quality  of  the  aeaaureaoata . 

•  It  ia  not  anticipated  that  the  theoretical  aethoda  will  auperaede  the  wind  tunnel  in 
the  foreaeeable  future.  However,  it  ia  iaportant  that  theoretical  and  experiaental 
techniquea  ahould  becoae  cloaely  integrated  eo  that  the  quality  of  predicted  data  can 
be  iaproved. 
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Aatkoay  Fekkaniat  2 
10S9  CM  AMtaite 
TIm  BatharlaaAa 


Oa  cha  baaia  af  viad-taBaal  mmmttmmtm  am  a  (alapXa»  nn>naarad»  but  eaaplata)  traaaport  altctaft 
aadal  la  a  aaall  and  a  vary  lacta  aolld-iialX  taat  aaetloa  tha  accuracy  of  four  aaaaurad  boundary-coaditloa 
(nC)  nacboda*  aa  wall  aa  cao  claaaical  aatboda*  aaa  aaalyaad  at  loa-ayied  eonditioaa. 

Lacya  radactiaaa  ia  eha  aaniiar  of  in  aita  aaaawtad  data  ara  aboaa  to  ba  poaaiblor  yat  ylaldiag  caaalta 
ahieh  natch  alaaat  vlth  tboaa  of  caleolatioBa  oalng  Mltiylaa  of  Input  data.  Claaaical  aathoda  oaad  not  ba 
abaadonad  at  ouca  la  lou  apaad  aolld^iall  toatlag.  Bi^ar  priority  ahould  ba  tiraa  to  tha  vall'-kBOiin 
iatarpratation  prohlaai  tha  dataraiaatioo  of  tha  actual  nodal  raactioa  upon  tha  uall-iaducad  floa  fluid. 


AUBA  aodal  (wiag)  iacidaaea»  eorractad  for  anil  Intarfaraaca 
I  braadth  of  taat  aactioo 

CD«  CL  aodal  forea  coafficiaaca*  eorractad  for  nail  intarfaraaca 
GDI*  CLT  uaeorractad  (taat)  raluaa  of  CD  and  CL 

CM  pitehim-aoaanc  coafficlaat  (eorractad) 

DA  diffaranea  la  AtMA  batuaan  a  eorractad  and  a  LSI  lift  curva  at 

tha  aaaa  mlua  of  CL 
DAL  aodal'ineldanca  corraecloa 

DCD  ■0CDMK9X*  total  corractioa  on  O 

DCDB  eorraetloo  on  CD  dua  to  (horicoatal)  buoyancy 

DCDI  corractioa  oa  CD  doc  to  lift  (opaach)  iatcrfaraaca  at  vinp 

DCL  corractioa  oa  CL  dtia  to  lacraaantal  lift  iatarfaranca  at 

horiaontal  »f  f  ^ 

DGM  ^DOKfoam^  total  corractioa  oa  CM 

OCMC  corractioa  oa  CM  dua  to  atraaalina  eurratura  at  viap 

DOB  corractioa  oa  CM  duo  to  lacraaantal  lift  intarfaraaca 

at  horiaontal  tall 

DD«  DM  diffaranea  la  CD*  CM  reap.*  bataaaa  a  eorractad  curra  CL  ra  CD*  CL  ra  CM 
raap«»  and  a  corraapoadint  LSI  curra  at  tha  aaaa  CL 
BPS  non  dlaanaioBallaad  aaaa  ralua  of  total  corractioa  oa  tuanal  apaad 

IV*  IVf, 

IW,  fVfH  notationa  for  aodal  coafisurationa  (aaa  Fig.  I) 


H 

hal^t  of  taat  oactioa 

(■> 

LSI*  HI 

notationa  for  large  (LSI  3s2.23)  and  aaall  (MI  0.8x0. 6)  tuanal 
facility 

2 

SF 

croaa-aactlooal  area  of  nodal 

(»*) 

S 

nodal  rafaraaca  (alag)  area 

SH 

aanl-apaa  of  wing 

(m) 

1  imooocnai 

Hall  intarfaraaca  ia  a  vall-hnoan  factor  that  dagradaa  tha  accuracy  and  rallabilicy  of  viad-tuanal 
data.  Xharafora*  a  larga  affort  haa  boon  apaat  during  tha  laat  dacada  to  laprora  aaiating  vall-lntar-^ 
faranca  aaaaaaaant  and  corractioa  aathoda.  Ala  affort  raaultad*  aaoag  othar  thiaga*  ia  tha  by  noa  aall* 
kttoan  aoa»ira<l  hwindary-cooditioa  (MK)  aathoda. 

Tha  aoat  proaialiig  of  thaaa  aathoda*  thaoraticalXy  at  laaat*  ia  of  tha  ao-«ullod  Cauel^'-typa*  a 
^tao  roapanaat"  aathod  ahicb  alloaa  tha  caXeulatioo  of  tha  aall*»inducod  partuxbatloa  raloeity  fiald 
throuihout  tha  taat  oactioa*  proridad  that  all  ralocity  coapoaanta  ara  taioan  (i.a.  aaaaurad)  at  tha  outer 
beuadary  (tha  caaaal  aalla).  Ihla  aathod  dona  not  raquira  any  foraulatloa  of  tha  nodal  partarhatioa-floir 
fiald  (tha  aodal  rapraaaatatioa)  •  Tha  only  aaoa^tion  ia  that  irrotatloaal  aubaoaic  flov  praaaila  ia  the 
aula  part  of  the  taat  aaetloa. 

The  baaic  Idaa  ia  dua  to  Aahlll.  at  al.*  aho  appliad  it  aopaclally  to  aolid-^11  taanala  (1*  2].  At 
Midi  thla  prlaaipla  haa  haaa  norhad  out  fartbar  a  fav  yaara  ago.  Thin  raaaltad  la  a  gaaaral  aathod  [3]. 
£tm  ahieh  aavaral  cenputar  eedaa  aura  daaalopad  charactari^  by  varioua  aaya  of  radueiag  practical 
ditfiaultiaa*  i.a.  naaaarlag  prahlaaa  aad/or  long  riTpwtIng  tlaaa. 

la  order  to  araluata  thaaa  aathoda  ia  a  raal  atni  riaail  aarlTBi— it*  a  apacial  aapariaoatal  iaaaatigatiaa 
uaa  aaactttad  oa  a  aiapla*  aapemrai  laa  apaad  aircraft  nadal.  Tha  haalc  data  aara  ahtalaad  la  a  aalld-aaH 
taat  aaatlan  for  lAich  tha  nodal  aaa  fair^  Urga*  aaaarlag  a  oufflclaat  want  of  anil  lacarfataaaa.  U 
additiaa*  tha  aaaa  aodal  and  ita  aupport  ayataa  aara  taatad  ia  a  anch  latgar  aolld-uall  taat  aaetloa*  to 
ohtaia  (aJaaot)  latarfaraaca-fraa  data. 
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Th«  wmin  <pM«Clott  to  b«  aaoiMrod  In  tbo  proMOt  paper  is  tiow  the  accuracy  of  the  wall  corrections  Is 
lafinenced  by  the  •easurtnt  aad/or  coaputetlonal  efforts  to  be  spent  In  producing  then, 
to  this  eodt  Che  earloua  •f!sll<>eorreccloo  nethoda  were  applied  to  the  basic  data  and  tbs  results  were  con- 
pared  with  the  Incerfarence-fres  reference  data. 


2  BCPBRIMEm 

2.1  Nodal  and  Inetrunentatlon 

The  aaln  characteristics  of  the  aodel  and  the  two  test  sections  are  sunnarlsed  In  figure  1  and  2. 
The  nodal  was  as  slaqtle  as  possible:  a  cylindrical  fttaelage»  a  rectangular  wing  provided  with  reaovable 
full-span  flspsa  and  a  renovable  horlsontal  tall.  Thus»  Jour  different  configurations  could  be  selected. 
Because  of  Che  very  low  case  Beynolds  nuaber  (about  3x10^,  based  on  wing  chord)  Che  wing-flap  conblnatlon 
was  designed  carefully •  in  order  to  achieve  a  reasonably  hl^  lift  ~  2). 

2 

The  nodal  dlswnalons  were  rather  large  (epan-Co-^#tdth  ratio  e  *7S)  relative  co  Che  snail  0.8x0. 6  n 
wind  tunnel  (Mt),  and  very  snail  relative  to  the  lar^  3x2. 2S  n^  tunnel  (LST).  This  Is  Illustrated  by 
including  the  orders  of  nagnitude  of  tbs  respective  wall  corrections  In  the  cable  In  figure  2.  The  nodel 
support  (tail  atlng  and  strut)  was  Identical  In  both  cast  sections*  apart  iron  s  nccsssary  axtoislon  bean 
In  the  LST. 

Model  forces  ware  neaeured  by  neana  of  an  internally  nounted  .75"  Teak  (6-coaponent  acralo  gauge) 
beleace*  with  ranges  600  M  (nomel  force)*  110  N  (axial  force)  and  12  Ha  (pitching  nonant)*  and  an 
accuracy  of  about  t  .1  Z*  l  .2  Z  and  t  .1  Z  FSO  reapactlvaly.  The  balance  centre  and  nonent  rafarence 
point  wars  located  ac  Che  half-chord  acatloo  of  the 

Modal  praaauraa  wars  neaaured  at  one  station  on  the  wing*  on  the  fuaalage  end  inside  the  sting  cavity 
(Pig.  3e)*  by  nsens  of  s  3  psl  Oruck  dlffercntlel  pressure  trsnsducer,  having  en  accuracy  of  about  t  .1  Z 
FSO*  l.s.  t  40  Ps*  corresponding  with  e  tCf  -  .02  at  the  typical  dynanic  pressure  of  2200  ?s*  The  pres- 
euree  were  scanned  nachenlcelly  by  neens  of  e  Scenlvelve*  nounted  Inside  the  fueelege  as  well. 

Forces  nsesured  slnulcsneously  with  nodel  preesuree  were  need  only  to  nonltor  the  tests.  The  proper  force 
date  ware  obtained  with  Che  pceseure-neesuring  hardware  renoved. 

The  enell  test  section  was  provided  with  11  streenwlse  strips  with  22  ststlc-preasure  holes  each* 
distributed  over  Che  starboard  half  of  the  crosa-aectional  perineter*  coi^lcnented  by  2  strips  In  the  two 
comars  (Pig.  3b).  Only  spsnwlsc  synatrlcsl  conditions  were  considered.  Thus*  e  rather  dense  grid  of 
scsclc-prsssure  stations  was  crestad.  These  pressures  wars  neesured  by  neens  of  .5  pal  and  .75  psl  Druck 
differencial  preseure  transducers  (accuracy  -  t  .2  Z  FSO*  or  better). 

All  cssts  were  perfomed  with  oeturel  boondecy-leyer  transition.  Tbe  nsjorlty  of  the  tests  was 
carried  out  while  varying  locldencs  at  consemt  Reynolds  nunber  (about  3x10^*  based  on  wing  chord).  Sons 
eddlcionel  tests  were  perfomed  with  variable  velocity*  In  order  to  assess  Che  Reynolde-nunber  sensitivity 
of  Che  date. 


2.2  Date  reduction 

The  nodel  data  were  aubjected  to  the  uaual  corrections  (cnpty-tunnel  calibration*  nodel  weight*  sting 
deflacClon,  etc.).  Also  the  well-pressure  date  were  corrected  by  subtrectlng  tbe  corresponding  enpty- 
Cunnel  dsCs  therefron.  The  tern  "ei^ty  tunnel"  should  be  underecood  as  s  slCusCion  without  nodel*  but  with 
nodal  support.  Force  and  pressure  data  are  presented  in  Che  usual  coefficient  fom*  using  dynanic  pressure 
and  wing  area  and  chord  aa  reference  quantities.  Tba  correction  for  flow  angularity  was  datemioed  In  tbe 
usual  way*  l.e.  fron  e  conperieon  of  the  force  data  obtained  with  "nomel”  end  "Inverted"  nodel  attitude. 
Berewich  a  aupporc-lnterferance  effect  on  Che  pitchlug  nonent  In  both  teat  sections  was  found*  albeit  not 
of  tbe  ecne  nagnitude.  Also  this  effect  has  been  taken  into  account  in  the  fom  of  a  correction  on  CM. 

Tbe  enell  teat-section  date  arc  to  be  considered  ee  "uncorrected  date"*  however*  in  tame  of  well  inter¬ 
ference. 

The  LST  reeulte  were  corrected*  In  e  cooventlel  (classical)  way*  for  tbe  (very  snail)  well  Interference  in 
the  large  test  section*  tfaus  cresting  the  best  possible  Interference-free  reference  date. 


2.3  tOuality  of  experinsutal  date 

Fron  repested  runs  at  e  Ksyoolds  umber  of  about  3x10^  Che  following  figures  were  cstebliebed  for  the 
repeatability  In  the  snail  test  section  (ME). 


QDIimTT  RSPIATABILITT 


BEST 

WR8T 

LIFT 

(CLI) 

1  .0010 

1  .0000 

1  .0040 

DRAG 

(COT) 

1  .0003 

1  .0010 

1  .0005 

F.HOM  (CUT)  1 

t  .0010 

t  .ooto 

1  .0030 

Xt  ntp  be  noted*  that  lift  end  dreg  eeofflcleots  could  be  reproduced  within  sene  pemllle  of  their 
navinm  neaeured  values.  This  cerrusponds  wltli  about  om  pucmil  of  the  respeetlvu  ranges  of  the  balance 
at  werat.  The  pitching  noneate  are  clearly  leas  sutlefaatery.  shoulag  a  scatter  of  eona  pereuuts  of  the 
naalflun  naauurud  walue  or  euveral  pumllla  of  the  tango  of  the  belaace. 

LfT  ruielte  uhte  alalUr  for  lift  end  dreg  but  eensiAat  better  for  the  pitching  nonent, 

■bdul-  end  unll-preaeure  ceefrieluutu  could  generally  be  reproduced*  within  about  1.0025*  cervuepeodl^ 
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mck  abMK  OM  fmUl  of  traadoeor  raago  valuoo  (.5  pol  aad  .75  pol)  for  tho  wall  prooooroo,  oad 
•ooo  taiCCor  for  tko  aodol  ptooovroo. 

Toriioafo  Mttlag  mm  ocevimto  to  vichia  m  tm  kaadrWtbo  of  a  dasroo. 


3  miL~uimnamcM  fyunniwr  im  ooaucnm  moos 

Tbo  aororal  aatlMda.  ftoooatlj  a^liod  to  iiiaiwlii  aj—tric  condltlona  oaljt  diffar  only  with  ra- 
apaet  to  tiM  aaoaooaaat  of  tka  latarfaroaaa  aaloaity  flald.  11m  iataryratatlaa  of  tbaaa  latarfaraaca  ra- 
lecltiao  la  tana  of  eorractioao  to  tba  aaiowrad  data  ara  aiallar  for  all  aathodo.  Tha  aoaaoomot  pa^  ot 
tha  aatboda  will  ba  charaetariaad  bora  brlafly;  aora  datalia  ara  ^  fiaal  raport  [111. 

Tba  aatbod  rafarrad  to  ao  1III3D  la  a  MK  aatbod  baaad  oa  raioclty-aactor  dlatrlbotloDOt  kaoaa  oa  a 
toatrol  aarfaoo  oaflooiag  tba  aodal  13}. 

Tbay  aro  calcalatadi  by  aaaao  of  a  fialta-diffaraaea  tadMl^aat  fm  aaaoarad  aall-praaaura  aad  oonal* 
raloclty  diatrlbotioao»  tba  lattar  of  lAieb  la  idaatltally  aaro  la  tba  praaoat  (oolld-afall)  eaaa.  All 
VII3D  rooolto  hava  baoa  cotctilaCad  ooiat  oil  aall*praaaora  data  (13  praaoara  atripa).  Tbaaa  caloolatioea 
taka  roatblp  20  aae.  oa  a  CPC  Cybar  100/055*  thaa  ascladlat  tba  poaalbllity  of  oo-llaa  oparatloa.  la 
addltlea*  tba  moaat  of  vail  praaaoraa  aaad  ia  barfly  attractiaa  for  roatiaa  taatlnt.  ■aaartbalaaa*  WIRSD 
aay  ba  coaaldarad  aa  tba  *teot  aopblatitatad*  aatbod. 

Tba  raaalta  **1013041”  vara  alao  obtalaad  by  aaaaa  of  tha  eovputar  profrn  WI13D.  bovavar* 
aolag  a  vary  llaitad  aat  of  vail  data*  ala.  only  atripa  1*  5*  7  aad  11  (Tit  3b)*  aad  aa  Intarpolatloa  of 
Cp  aloat  tba  parlaatar  of  aach  taat*aactioa  croaa  aaetion.  Ina  tbaa*  tha  co^potljat  tlaa  la  too  loop  for 
OQ-llaa  ealealatioao.  Boooaar*  It  ia  iataadad  to  ahov  tba  accuracy  attalaabla  vlth  a  "aiaivna”  aaouat  of 
vaaoorad  vail  praaaoraa  vblch  aaaaa  practicabla  for  rootlaa  taatii^*  1^  only  cooblaad  vlth  a  poat-procaa-' 
alat  ataga. 

Tha  aatbod  VII3QT  uaas  tba  aaaa  ISaltad  aat  of  vail  data  aa  HIISDAL.  la  addition*  coapotlag  tlaa  la 
radoead  ao  aoeb  chat  oa-llaa  procanalag  oa  a  local  coapotar  (auch  aa  a  HTIOOO)  la  faaaibla.  Thla  la 
raallaad  by  oalctlnt  tha  fialta-dlffaraaea  calcolatloa  aad  ualat  approalvata  valoclty-praaoura  ralaclooa 
iaataad. 

VXinMOV  la  a  ISC  aatbod  of  a  diffaraat  typa.  It  rallaa  oa  vaaaorad  vail  praaaoraa,  Iaataad  of  ra" 
loclty  vactora*  la  coablaatloa  vlth  a  "aodal  rapraaaatatloa”,  uala#  a  Tooriar-aarlaa  latarpolatloa  aa  pro- 
poaad  by  Mokry  [4].  It  uaaa  praaaura  data  froa  atripa  1*6  aad  11  only  (Tip.  3b>*  but  caa  praaaatly  net  ba 
uaad  la  oa-llaa  faahlon  bacauaa  of  ita  (tlaa  coaauaiat)  "paaal^athod”  foraalatlon. 

It  ia  laaa  varaatlla  than  VUi30  aad  VDI30T  aad  vlll  aot  ba  uaod  for  aolid-vall  taat  aactloaa.  It  la  of 
Intaraaf*  kovarar,  for  aoacilatad-vall  toaoela  until  tha  problaa  of  aaaaorlnt  vall-valoelty  ractora  vlll 
ba  aoltrad. 

Tba  "elaaalcal”  cortactlon  aatbod  la  baaleally  tha  aatbod  of  laagaa.  Tba  raraloa  labalad  CLASO  (aero- 
oya  for  elaaalcal  eld)  vaa  oatll  racaatly  atandard  for  KUt  aolld-wall  cuanala  aad  la  baaod  oa  aaall-aodal 
aaauBptioaa  (5*  6  aad  10].  Tba  otbar*  callad  CLASH  (elaaalcal  nav)*  la  aora  aopblatlcacad  aad  haa  boon 
darlTOd  for  ralatiraly  larta*  but  coamtloaal*  lov-apaad  traaaport  aircraft  aodala*  cooblnlat  Idaaa  froa 
ralatlvaly  racant  rafaraacaa  [6-9). 


4  AHILTSIS 

4.1  kalatlra  iaportaaca  of  corractlooa 

Tba  ralatlva  Iaportaaca  of  tba  aararal  taraa  eoaatltutlBt  tba  corractloa  of  a  lift  va.  Incldanca 
cum  la  llluatratad  la  flfura  4.  It  la  aaaa,  that  tba  blockaga  corractloa  aad  tba  tall-plaaa  latarfaraaca 
corractloa  oo  CL*  tboutb  not  Inaltaiflcoot*  ara  of  alaor  Iaportaaca  ralatlra  to  tha  atrontlT  pradoalaaat 
lactdanca  corractloa  CUtt.). 

A  alallar  aaarciaa  vlth  tba  llft-draf  polar  (Tit*  5)  alao  abova  a  atroagly  pradoodnoat  tan,  l.a.  tba  In- 
ducad-drag  corractloa  (OCDI).  Ia  caaa  of  tba  pitching  aaaaat  (Tig.  6),  tba  corractloa  tan  cooaactad  vlth 
tha  borlsoatal  tail  plana  (OCMi)  pradoaloataa. 

Altbiwsb  tbaaa  raaolta*  obtalaad  vlth  tba  aoat  aopbiatlcatad  aatbod  apply  apaclflcally  to  tha 
praaaat  aodal.  It  aaaaa  raaaooabla  to  atata*  that  tba  atrong  pradoolaaaca  of  tba  ”llft-latarfaraaea” 
corractloa  taraa,  acting  on  both  tbo  vlag  aad  (local)  call  aagla  of  lacldaaea,  la  typical  for  lov  apaad 
taata  oa  covraatiooal  traaaport  aircraft  aodala.  Tbarafora*  tbaaa  tana  vlll  ba  oaalyaad  la  detail. 


4.2  Trloclpal  Uft-latarfaranca  corractlooa 

Typical  for  tba  principal  llft-latarfaraaca  corractloa  quaatltlaa  DAL,  DCPI  aad  DOS  ara  alapla  ra- 
latleoAlpa  vlth  aaaaarad  (vocorractad}  lift: 

DM.  i  as,  DCDI  i  (CLT)*,  DOM  f  CLT. 

CoafarlMM  of  cb.  qoacttte.  0M./C1.T,  KSSHaX)^  OOB/aS,  c«laii.e.,  by  m*mt  ot  O.  rarlou 
Mttaod.  for  eta.  w,.!  (m,).  .i.  Ulwtr.t.4  In  flfwr.  1,  S,  ad  9,  royatlaly. 

I.  cattut  aeta  elartal  atbod*.  .11  mC  atked.  ylald  eometlm.  .Itta  a«11  or  lai,..  mrlatlo. 
ammd  a  wa  ..1m>  .ialii,ly  raoltiiV  (ra  lacatwtM  .hlcta  wy  b.  l.t,M:  .t  ndllmr  lift 
cMfllelat., 
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that  tWi  HXUD  xmbIC*  at*  bdac  aeair«t«  oms«  It  it  rti— rlrihl*  in  flgiur*  7  tb«t  thm 
older  elOMical  (CLASO)  aaglo-of-attack  carroetion  ■■—■  to  shov  hotter  trofont  thoa  the  ooMor  om 
(CLA8I)«  The  oppoelte  is  true,  however*  for  the  yitrhlnt  Ment  correctloa  due*to-  tell  (?!<•  9)*  the 
CLA80  reeelt  rikovleg  e  lertely  overeetlaeced  cell*-9leae  iaterfereace.  This  cea  be  attributed  to  the  feet 
that  CLASO  oaly  roofhlj  approrlaatee  the  upwaoh  at  the  tall*  whereaa  the  other  aethoda  actually  calculate 
thle  local  value. 

leBarkahle  haraoay  between  the  claaaleal  aethoda  la  to  be  aeea  la  figure  8*  where  both  Md  to  oveiaatl* 
Bate  the  loduced-draf  correctloa. 

Aa  for  the  WC  aathoda*  a  cloae  a^raeaeat  between  VIXID  and  VZlilDAL  la  found  (eaerally*  wbareaa  the 
laae  allied  aatheda  VUIlQfT  and  VUI3M0V  often  ahow  devlatloaa  of  the  ease  order  of  nafnltude  aa  the  claa- 
alcal  onaa. 

If facta  of  the  nodal  coaflfuration  (not  abowa  here)*  oo  the  aala  lift-interference  quantitlea  could 
not  be  found  to  a  algnlf leant  extent*  aa  dlatlnct  fron  blochage  where  a  algnlf leant  configuration  effect 
(due  to  flap  deflactlon)  waa  found. 

In  view  of  the  ninor  laportanca  of  blochaga  la  conventional  low-apead  taata  (l.e.  at  not-too-hlgb  Inci¬ 
dence  ox  lift*  with  anall  or  oo  flow  aeparatloa)*  It  nay  be  concluded  that  overall  configuration  effecta 
will  gaoarally  renaln  within  bouada  In  low-apeed  teata. 

Ihla  nay  be  iaportaat  for  wind-tunnel  iaveatlgatlona  where  only  differencaa  between  varloua  conflguratlona 
are  aougbt.  Any  wall-interference  effect  chat  la  eoaon  to  the  varloua  conflguratlona  will*  of  courae*  not 
appear  in  the  Increnanta. 


4.3  Coaparlaon  with  Intatfarenee-frea  data 

The  preaent  analyala  concentratea  the  principal  aarodynanlc  characterlatlca*  in  their  globally 
corraeted  fom*  l.e.  the  curvee  CL  va  incidence*  CL  va  Ch  and  CL  va  CM.  Othar  laauaa*  e.g.  Aaynolda  aenal- 
civlty*  axareiaea  with  nodal  preaeurea*  ate.*  are  Included  in  the  final  report  (11]. 

Beeuite  to  be  dlacueeed  here  ere  eunnarlaed  in  figure  Tor  all  four  nodal  conflguratlona  tha  upper 
pert  (a)  ahowa  corrected  curves  (for  tfXHlD  only)  colored  with  the  corresponding  LST  curves*  wbaraaa  the 
lower  pert  (b)  ahowa  the  renalnlog  dlacrepanciea  batwean  corrected  and  L8T  curves  for  both  VIB3P  and  the 
other  nathoda. 

Tha  letter  dlagrana  have  been  constructed  fron  curvee  alnllar  to  the  fomar  by  auberacting  LST  values  of 
Incidence  (AIJPBA)*  drag  (CD)  and  pitching  nonan*  (CH)  raapactlvaly »  fron  corraeted  values  at  tha  Sana  dia- 
erece  values  of  tha  ordlnata  CL.  In  this  way  a  coaplata  survey  la  shown  of  tha  qualities  of  all  correction 
aethoda. 


At  first  sight*  the  agreeneat  between  corrected  and  LST  curves  (Fig.  lOa*  lie  and  12a)  often  aeeae 
acceptable*  considering  that  tha  corractlona  ara  quita  larga  (Pig.  4-4).  Havarthelaaa*  eapeclally  in  CD 
and  CH*  aoaatiane  dlacrapanclae  can  be  found  which  exceed  10  X  of  the  correction  Itself. 

As  e  general  trend  to  be  seen  In  figure  L(^*  Ub  end  12b  It  nay  be  noticed*  that  these  curves  for  ona  sane 
configuration  always  ahow  a  eloaa  affinity*  In  that  a  conaon  aaquenca  of  paafca  and  dips  la  prtaent. 
Obvloualy*  thla  atena  fron  typical  dlfferaocaa  batwaan  tha  basic  (uncorractad)  HT  curvee  and  LST  curves* 
rather  than  fron  the  various  correction  nethode. 

Further*  an  undarcorrectlnn*  i.a.  a  oagatlva  valua  of  DA*  DD  and  R(»  la  nuch  in  avldanca*  often  showing  a 
negative  neen  elope*  l.e.  an  Increeelng  uodercorrectlon  with  Increasing  CL.  The  fact  that  this  slope  la 
aoatly  present  in  all  aatbode.  albeit  not  with  the  sane  aagnitude,  nay  indicate  that  this  feature  is 
caused  by  poeelble  laperfectlons  in  the  interpretation  of  the  wall-  induced  flow  field  In  tame  of  cor- 
rectiooe  rather  than  In  Ice  celculaClon.  Typical  differences  between  the  varloua  aathods*  obaarvod  earlier 
with  respect  to  the  principal  lift-lnterferance  corrections  (Fig.  7-9)»  ara  also  found  in  figure  lOb*  11b 
end  12b(  of  course. 

The  dlecrepanciee  in  lift  ve  incidence  curves  (Fig.  10b)*  eapeclally  for  the  aodcl  configurations 
without  flap  (FH  and  FUH)«  reaaln  roughly  within  a  band  of  t  .1  deg.*  wfaereea  for  conf Iguretlons  with  flap 
(fVF  and  fVFH)  a  claar  tendency  to  undercorrection  occurs  for  all  nathoda  except  CUiSM.  Apparently*  a 
negative  elope  la  the  rula  rather  than  the  exception. 

A  renarfcable  feature  Is  that*  eapeclally  for  the  coi^leta  nodal  (FVFH)*  CLASH  and  to  aont  extent  also 
HIII3M0V  seen  to  be  si^rlor  to  Che  other  nethode*  Including  H1II3D.  The  nethode  CLASH  end  VIH3M0F  ere  also 
coaeplcuoue  In  showing  no  clear  slope. 

The  tendency  of  CLASH  end  WXH30T  to  give  too  large  engle-of-ettack  corrections  (Fig.  7)  can  be  found  here 
only  to  tone  extent  for  conflgureciona  without  flap.  Another  la^rtant  point  to  be  aantloned  once  nore  la 
that  reaulta  fron  H1R3D4L*  l.e.  the  nathod  with  a  ninini»  input  of  naaaured  wall  preaeurea*  differ  hardly 
Iron  those  uelng  ell  wall  data  (HIH3D).  This  feature  bolds  also  for  the  CD  and  CM  curves  to  be  diacuaaad 
aubeequencly. 

The  raaolta  for  the  lift  va  drag  curves  (Fig.  11)  have  aoeb  In  coMon  with  tbe  prevloua  onea. 

A  atrlkii^  laaua  la  a  anch  nora  clear  difference  between  cooflguretlona  without  flap  and  tbosa  with  flap* 
In  tha  fomer  ceees  (FV  and  FHH)  the  dlecrepanclae  in  CD  are  about  within  experinental  error*  e^tt  fron 
very  anall  end  very  large  values  of  CL  end  excopc  for  CLASI  end  CLASO  at  FVB.  whereee  the  letter  cm- 
flgttxetlone  (THT  end  FHFB)  ere  andercorrected  by  eons  tens  of  counta  la  CD. 

lha  anallar  dlacrapaaclaa  fouod  with  tba  claaaleal  nathoda  for  conflgoratlona  with  fl^*  aa  wall  ea  the 
overcorreetlooe  for  coofiguretloee  wltbonc  flmp,  nay  be  attributed  to  the  relatively  le^  induced-dreg 
corractlona  of  these  nethode  found  earlier  (Fig.  8). 


la  tha  pitchlog-nanaaC  carvna  (Fig.  12>  large  dlffereaces  In  tbe  dieerepeeclee  beewaeo  eMflgureclooe 
with  end  without  horiaontal  tall  ara  fouad. 

For  taiUaea  eonfigarationa  (fV  and  fVF)  very  llttla  diffareaca  batwaaa  tha  eormctlon  nethode  can  he 
eatabllahad;  all  nathoda  yield  corraetloaa  which  anoiint  to  only  one  half  of  tbe  difference  be  tween  tbe 
(uncerractad)  ME  and  LST  reaulta.  Praao^Iy*  thla  la  canaed  by  a  atraanllna-carvatura  effect  oo  the  fnae- 
leget  an  Inrrenancal  opwaeh  at  the  rear  of  tbo  fuaelaga  Induced  by  tha  walla*  which  is  not*  and  can  hardly 
be*  aceooatad  for  la  any  exiatlag  correctloa  netbod. 


I 
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la  tba  tMulu  of  tiM  uU-oD  coofl^isoeiooo*  <o>orliUy  FHTB.  mi?  footoroo  con  b«  trocod  bocH 
dlroctly  to  tkooo  of  tko  cerroctlco  tom  000  (Tig.  9)t  o  clooo  ogrmwnf  botoiw  wni3D,  imi3D4L  n4 
CUM»  o  locgo  omvcorroetioa  for  CLASO  nod  locomodioto  roanlto  for  Hum  nod  WlMlHOV.  Mccoly  tho  loxgo 
dip  in  tiM  dltcrifonry  cnmno  for  conflgvrotlon  fWI  nt  Intcmndlifo  ▼olooo  ot  CL  in  rothor  otToago  and 
dlffienlt  to  osplaln.  Apart  fran  cfc**  pacnliarlty,  nbich  ataaa  froa  tha  baalc  (imeorractad)  MT  raaultt 
rathar  than  froa  tha  aall-eorraetloa  aothoda*  alao  thaaa  cnrvaa  aboa  tha  tronda  nantlonad. 


5  COWCUDmC  BWWAm 

Tha  dlffamacaa  batnaan  tha  rartoua  aata  of  aorraetad  data  can  ba  attrlbatad  to  tha  autual  differ* 
ancaa  in  tha  nathoaatlcal  foraalatlona  of  tha  taapactlaa  aathoda.  Ihla  la  anpportad  bp  aarllar  nuaarlcal 
avaluatleaa  i3a  lliafroa  which  it  ana  conrtadad  alaoa  that  a)  tha  MIC  aathoda  aa  conaiaarad  hara  ara 
aaraatila  toola  for  calcolating  tha  nnU-ladiiead  valocitp  field  in  nay  eaaa  where  the  underlying 
aaaiaiptioaa  of  anbaonic  Irrotational  flow  ara  oet»  and  that  b)  with  reapact  to  the  accuracy  of  thia 
aaaaaaaant  tha  noat  oophiaticatad  nethod  VIM^  la  auparior  to  all  other  MK  aathoda  conaidarad  bare* 

Tho  diffareacaa  batwnen  the  varioua  aata  of  corrected  data  on  the  one  band  and  the  interference-free 
L8T  data  on  the  othata  all  ahow  alnilar  tranda.  Thnraforoa  it  la  evident  that  theae  diacrepanclaa  mat  be 
related  to  laperfactiooa  in  tba  corraction  procadure  (whicb  wna  idantical  for  all  nethoda  but  CLASO)  uaed 
to  "traaalate"  the  wall*iaterferenca  velocitlea  Into  aeaningful  corractlona. 

An  Inportaat  raoult  ia.  that  a  claaalcal  wethod  like  CLASH  aaana  conparable  with  WIM3D.  It  nuat  be 
atreaaadi  that  thia  any  only  ba  tha  caaa  for  relatiwaly  alapla  nodalaa  alnce  CLASH  requlrea  a  (potential* 
flow)  aimlation  of  the  nodal  flow.  On  the  other  handa  It  wacf  be  expected  that  HIIJD  will  uphold  a  aaaa 
confidanca  level  for  mre  conplow  nodela  aa  a  claaalcal  natbod  for  al^le  nodela. 

Vary  Inportanta  froa  a  practical  point  of  viaw*  la  tba  good  correapondence  between  VIII3D  and  W183D4L» 
indicating  that  the  quantitative  deaanda  on  ia  alto  naaaured  wall  data  can  be  reduced  conaiderably. 

furthar  inprovenanta  of  vnll*correctiMi  aathoda  probably  abould  be  puraued*  not  necaaaarlly  by 
laprovittg  tha  aaeaaaaenc  aathoda.  but  by  un^ding  the  correction  procadurea.  Thia  will  be  even  aore 
urgent  in  caaaa  of  aore  coaplex  low  epeed  nodal  fUm  (jata,  propellera.  rotora.  etc). 

Alternatively,  the  correctability  of  tba  data  ahould  ba  iaproved.  e.g.  1^  neana  of  adaptive  valla. 
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StlNIMty 

The  need  to  coccecc  transonic  airfoil  wind- tunnel-test  data  for  the  Influence  of  the 
tunnel  sidewall  boundary  layers.  In  addition  to  the  well  accepted  corrections  for  the 
restraining  effect  of  the  top  and  botton  walls.  Is  addressed.  A  systenatlc  experlnental/ 
analytical  Investigation  has  bean  carried  out  In  order  to  evaluate  sidewall- boundary- 
layat  effects  on  transonic  airfoil  characteristics,  and  to  validate  proposed  corrections 
and  the  Halt  to  their  application.  This  Investigation  Involved  testing  of  nodern  air¬ 
foil  configurations  in  two  different  transonic  airfoil  test  facilities,  the  IS  x  60-iocb 
t%ro-dlaenalonal  Insert  of  the  National  Aeronautical  Bstabllshaent  (NAE)  S-fooC  tunnel  In 
Ottawa,  Canada,  and  the  two-dlaenslonal  test  section  of  the  NASA  Langley  O.l-Meter  Tran¬ 
sonic  Cryogenic  Tunnel  (0.}-a  TCT).  Results  presented  include  effects  of  variations  in 
sidewall-boundary- layer  bleed  In  both  facilities,  different  sidewall-boundary- layer  cor¬ 
rection  procedures,  tunnel-to-tunnel  eonparlsons  of  corrected  results,  and  flow  condi¬ 
tions  with  and  without  separation. 

Analysis  of  these  results,  which  show  the  effects  of  applying  sidewall- boundary- layer 
corrections  to  drag  polars,  compressibility  drag,  shockwave  location,  and  definition  of 
buffet  onset  boundaries,  lead  to  the  conclusion  that  the  application  of  sidewall¬ 
boundary-  layer  corrections  of  the  type  recommended  by  Murthy  or  Barnwell-Sewall  Is 
appropriate  and  necessary  It  meaningful  comparisons  of  predicted  versus  experimental 
results  ace  to  be  obtained  at  attached  flow  conditions.  They  ace  also  necessary  if  the 
2-D  test  results  ace  to  be  correctly  applied  to  3-D  wing  designs.  However,  It  Is  also 
shown  that  available  sidewall  boundary- layer  correction  methods  ace  not  appcoptlate  for 
conditions  when  flow  separation  exists  on  the  airfoil  (or  sidewall)  such  as  occurs  when 
approaching  buffet  onset  and  maximum  lift. 

Soma  Important  facllltles-related  lessons  were  also  learned  from  this  investigation, 
one  significant  observation  Is  that  providing  sidewall  boundary- layer  bleed  does  not 
appear  to  provide  any  obvious  advantage  In  obtaining  more  accurate  transonic  airfoil  data 
at  conditions  when  Che  flow  on  the  model  (and  sidewall)  is  attached  11  appropriate  side- 
wall  boundary- layer  corrections  are  used.  In  contrast.  It  Is  shown  that  sidewall 
boundary- layer  bleed  can  be  effective  In  maintaining  2-D  flow  on  the  model  at  separated 
flow  conditions  If  the  bleed  is  applied  around  the  model,  but  upstream  boundary- layer 
removal  Is  not  nearly  as  effective.  If  at  all.  It  Is  also  possible  chat  Increased  air¬ 
foil  chord  lengths  at  a  given  chord  Reynolds  number  are  beneficial  in  delaying  the  onset 
of  sidewall  boundary- layer  separation.  Finally,  tunnel  flow  guallty  Is  shown  to  be  an 
Important  Ingredient  for  any  tunnel-to-tunnel  comparison  of  test  data,  leading  to  the 
(perhaps  obvious)  recommendation  chat  comparable  tunnel  flow  quality  should  be  a  firm 
prerequisite  for  any  planned  tunnel-to-tunnel  comparison  studies. 


1 .  IimoDUCTION 

Two-dlmanslonal  transonic  airfoil  test  results  ace  used  in  two  major  ways  in  the 
development  of  throe-dlmanalonal  wing  designs  In  the  transport  aircraft  Industry  today. 
First,  the  sxperlnental  development  of  effective  low-drag  transonic  airfoil  designs  forms 
the  foundation  for  any  successful  3-D  wing  design.  Secondly,  transonic  airfoil  test 
results  play  a  very  Important  cole  In  the  development  and  validation  of  transonic  air¬ 
foil  eompucatlonal  methods  that  are  usually  the  forerunner  of  any  successful  3-D  CFD 
transonic  wing  design  method.  Achieving  callable  and  accurate  transonic  airfoil  test 
results  is  critical  for  both  purposes.  The  correct  effective  test  flow  conditions  must 
be  Itnotm  If  the  translation  of  2-D  airfoil  test  results  to  3-D  wing  designs  la  to  result 
In  the  proper  performance  et  specified  design  conditions,  and  also  If  the  results  ace  not 
to  eontclbuta  to  tha  davelopmant  of  misleading  CFD  design  codas. 

Determination  of  correction  techniques  to  account  for  the  restraining  affect  of  the 
top  and  botton  walls  In  wind  tunnel  facilities  used  for  transonic  airfoil  testing  has 
rsealvsd  much  attention  because  of  Its  accepted  Importance,  but  also  because  It  Is  a  wall 
conf Inad/daf Inod  problem  amenable  to  analysis.  Consequently,  tone  very  good  procedures 
have  bean  davaloped  that  ace  routinely  used  today.  Similarly,  much  attention  hat  also 
been  devoted  to  means  to  minimise  the  effects  of  the  top  and  botton  walls  via  either 
specially  dealgnad  slots  or  adaptive  walls.  There  Is.  however,  another  eorteetlen  just 
as  fundamental  as  the  top  and  bottom  wall  correction  that  needs  to  be  addressed  and 
accounted  for,  and  that  is  the  effect  of  changes  to  the  tunnel  sidewall  boundary- layer 


tblckMis  eauttd  by  tb«  pcMaoea  oC  th^  alcfoll  Bodal.  It  has  bean  cleaciy  deaoastcated^ 
that  sidavall  boundary- layac  sopatatloa  can  significantly  alter  the  apparent  lift  and 
drag  charactecisf let  of  transonic  airfoils.  For  this  reason,  nost  nodern  transonic  air¬ 
foil  test  facilities  utilise  some  type  of  sidewall  boundary- layer  control  in  an  attjsapt 
to  ainiaise  these  effects.  However,  even  in  the  absence  of  any  separation,  the  change 
in  the  sidewall  boundary- layer  thickness  along  the  chord  above  and  below  the  aodel  leaas 
to  variations  in  the  width  of  the  flow  passage  that  change  the  effective  test  Mach 
nuaber . 

The  objective  of  this  paper  is  to  deaonstcate.  by  using  many  exaaples*  the  legitiaacy 
and  effectiveness  of  applying  corcections  to  account  for  sidewall  boundary- layer  effects 
in  transonic  airfoil  testing,  and  also  to  highlight  the  conditions  for  which  these  cor¬ 
rections  are  appropriate  and  those  for  which  they  are  not.  Test  results  obtained  froa 
two  aodern  transonic  airfoil  teat  facilities  ate  utilised  together  with  conpacatlve  pre¬ 
dictions  froa  state-of-the-art  coaputational  aethods  to  accoaplish  this. 


2.  T88T  FACILITIES  EMPLOYED 

Transonic  airfoil  test  results  froa  two  nodern  test  facilities,  both  capable  of 
achieving  quite  high  unit  (and  chord)  Reynolds  nunbers.  are  used  in  this  study  of  side- 
wall  boundary- layer  effects  and  correction  procedures.  These  two  facilities  are  the  IS 
X  60-inch  two-dimensional  insert  in  the  National  Aeronautical  Establishment  (NAE)  5-foot 
tunnel  in  Ottawa.  Canada.^  and  the  two-dimensional  test  section  of  the  NASA  Langley 
0.3-Meter  Transonic  Cryogenic  Tunnel  (0.3-m  TCT)3*6.  Descriptions  of  the  pertinent 
features  of  these  two  facilities  and  the  associated  model  installations  follow: 

MAE  Two-Dimensional  Facility  -  The  NAB  5-foot  tunnel  is  a  blowdown  type  capable  of 
operating  at  stagnation  pressures  up  to  12  atmospheres.  Nith  the  t%ro-dimensional  Inserts 
installed,  a  is  x  60- inch  flow  passage  is  provided  for  transonic  airfoil  testing.  Test 
section  top  and  bottom  walls  are  perforated  with  a  porosity  of  20.5  percent,  but  ate 
covered  with  a  stainless  steel  gauze  to  suppress  the  edgetone  noise  trttich  reduces  the 
actual  geometric  porosity  of  the  floor  and  celling  to  7.9  percent.  The  sidewalls  of  the 
2-D  insert  are  solid  except  for  24  x  18-  inch  boundary- layer  suction  plates  where  the 
airfoil  models  are  mounted  (see  Figure  1).  These  porous  suction  plates  are  made  of  com¬ 
pression-welded  multilayer  %roven  wire  sheet,  referred  to  as  “Rigimesh."  This  suction 
system  for  sidewall  boundary- layer  control  is  regulated  in  order  to  maintain  the  required 
2-D  flow  (where  possible),  and  is  operated  in  a  passive  manner,  i.e..  is  bled  to  atmos¬ 
phere.  The  auction  values  Vq/V«»  used  for  results  reported  in  this  study  ranged 
from  a  tittle  more  than  0.5  percent  to  a  little  less  than  I  percent,  leading  to  a  side- 
wall  boundary-  layer-  thickness  ratio  (26*/b)  of  0.019  at  typical  airfoil  drag-diverg¬ 
ence  condirions. 

Ten- Inch- chord  airfoil  models  are 
typically  used  in  this  facility,  and  they 
are  supported  on  two  3- component  balances 
which  rotate  with  the  model.  Airfoil  lift 
data  are  also  obtained  from  the  Integra¬ 
tion  of  a  very  dense  distribution  of 
static  pressures  on  or  near  the  model 
centerline,  and  drag  data  are.  in  addi¬ 
tion.  derived  from  wake  survey  measure¬ 
ments  made  1.5  chord  lengths  downstream 
of  the  airfoil  trailing  edge. 

Floor  and  celling  static  tubes,  each 
mounted  midway  between  the  sidewalls,  ace 
used  for  measuring  the  wall  pressures 
required  for  wall  correction  routines. 
Each  tube  has  40  loncltudinally  distrib¬ 
uted  orifices,  starting  nearly  eight  chord 
lengths  upstream  from  the  airfoil  leading 
edge  and  extending  four  chord  lengths 
downstream  from  the  airfoil  trailing  edge. 
The  tunnel  Mach  number  control  system  con¬ 
sisting  of  two  translating  chokes 
installed  in  the  diffuser  second  throat 
allows  the  desired  Mach  number  (corrected 
for  wall  interference)  to  be  constant 
during  a  specified  a- step  program. 

Measurements  and  testing  experience  have  shown  that  the  fceestceam  flow  disturbance 
levels  in  this  facility  ace  quite  low  at  the  test  Reynolds  numbers  used  in  this 
investigation,  i.e..  up  to  15  million  based  on  airfoil  chord.  Transition  location  mea¬ 
surements  made  by  Fanchec^  utilizing  an  advanced  hot- film  method  sho%red  that  natural 
transition  (in  the  absence  of  any  adverse  pressure  gradient)  occurred  at  the  33-peccent 
chord  location  on  the  airfoil  chord,  clearly  indicative  of  a  very  low  fcoestream  disturb¬ 
ance  level. 

ttm  LmMlmr  0,3-a  TCT  Airfoil  FmcllltT  -  This  facility  is  a  continuous  flow  fan-driven 
ttansonic  tunnel  which  uses  cryogenic  nitrogen  as  a  test  gas.  it  is  capable  of  operating 
at  Mach  numbers  up  to  about  0.9.  The  stagnation  preesura  snd  temperature  can  be  varied 
from  about  1.2  to  about  6.0  atm  and  from  144*R  to  576*R.  respectively.  This  unique 
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op*r<tioul  anvalop*  allow*  alcfolls  to  b*  t**t*d  at  flight  agulvalaot  Boynolds  auabat*. 
Undar  ataady  oparatlng  coadltloos,  tha  haat  of  coapcacalon  lapattad  to  tha  ta«t  ga*  by 
tha  fan  la  raaovad  by  autoaatic  lojactlon  of  liquid  nlttegaa  Into  tha  tunnal  clieult.  and 
tha  atagnatlan  ptaaauca  la  aalntalnad  by  tha  autoaatic  contiol  of  tha  gaaaoua  nttregan 
axhanat.  Tha  twO'dlaanalonal  aactlon  9|K3|B|| 

toe  thla  ha*  a  etoaa  aactlon 

by  and  1*  in  cae-  ^ 

tangular  planun  chanbac.  The  top  j- 

ton  walla  thla  have  two  longltud- 

Inal  alot*  aaeh.  with  a  total  opan  ataa  of  [pg^Q^[jg) M 
paccant.  Thaaa  alot*  war*  daalgoad  naing 
Batnwall'a  low  bloehaga 

A  aldawall  boundary- layat  ranoval  aya- 
tan  tha  airfoil  nodal  la  pro- 

vldad  which  can  ba  operated  In  either  the 
paaalve  or  tha  active  node*.  A  pair 

wide  platan  having  a  non- 

Inal  poroalty  of  about  lO  paccant  are  fit¬ 
ted  eiuah  on  both  tha  aldawall*  upatiaan 
of  tha  nodal  location,  a*  llluatcatad  In 
tha  top  view  photograph  of  the  teat  section 
with  tha  top  of  tha  planun  chanber  and  tha 
slotted  wall  cenovad  (aaa  Figure  2).  In  FtfUtOi.  nn-OfmOOSfOOOf  To^  SOOUOO  Of  tflO 

ull  ‘^\a''Vn‘o:;t“of*'l^u.::.aryV/^^^^^  0.3^  TCT ^  P^M  PUO,  for 

flow  raaovad  fcon  the  two  aldawall  boundary  BOUOOUy-lMyor HOmOOOl 

layacs  la  Indapandently  controlled  by  dig¬ 
ital  valves  on  the  dlscharga  side  of  each 

sidewall.  In  tha  passive  node,  which  was  used  for  the  testing  dlseussad  In  thla  Investi¬ 
gation,  tha  discharge  Cron  each  wall  is  axhauatad  directly  to  tha  atnosphece.  Conse¬ 
quently,  tha  naalnun  rata  at  %(hlch  nasa  can  ba  canovsd  In  tha  passive  node  la  United  to 
the  rate  at  which  liquid  nitrogen  is  being  injectad  into  the  tunnal  In  order  to  naintaln 
steady  operating  conditions.  At  higher  Mach  nunbars  where  tha  haat  of  conprasslon  la 
large,  the  liquid  nitrogen  Injection  cate  la  higher  and  coccaspondlngly  higher  ranoval 
cataa  can  ba  obtained.  Ranoval  cates  of  up  to  l.S  percent  were  used  for  tha  results 
raportad  on  In  thla  study,  resulting  In  a  reduction  of  tha  aldawall-boundacy- layac- 
thleknasa  ratio  (2i*/b)  fcon  0.018  to  0.012  at  typical  airfoil  dcag-dlvetgence  con¬ 
ditions.  For  tests  with  sidewall  boundary- layer  cenoval,  the  upsttean  ceferenee  Mach 
nunber  la  Increased  to  eonpansata  for  the  decteass  In  Mach  nunber  at  the  nodel  station 
due  to  sidewall  boundary- layer  cenoval. 

Six- Inch- chord  airfoil  nodal*  are  typically  used  In  this  facility,  and  the  required 
aacodyoanlc'  data  arc  obtained  fcon  tha  prassura  distribution*  around  tha  airfoil  nodal, 
Che  definition  of  the  wake  defect,  and  the  corresponding  aogls  of  attack.  The  pressures 
on  tha  airfoil  nodal,  neasured  by  Individual  transducers  connected  to  tha  tubing  fcon 
each  orifice,  ace  Integrated  to  obtain  the  lift  characteristics,  while  tbs  drag  eharac- 
terlstlca  ace  obtained  fcon  wake  survey  neasucenents  nade  1.2  chord  lengths  downstraan 
of  the  airfoil  trailing  edge.  Hake  survey  neasursnents  ace  obtained  at  five  spanwlse 
stations  (cencarllna  to  y(b/2)  <■  o.7S)  to  psrnit  a  qualitative  assessnent  of  the  two- 
dlnenslonallty  of  the  flow  in  Che  region  of  the  wake. 

Floor  and  celling  static  pcessute  orifices,  located  nldway  between  the  sidewalls  (and 
slots)  ace  used  to  neasuce  the  wall  pressures  esquired  for  wall  coccectlon  routines. 
These  orifices  are  spaced  about  2  in.  apart,  and  extend  fcon  about  4  chord  lengths 
upstcean  fcon  the  airfoil  leading  edge  to  about  3  chord  lengths  downscrean  fcon  the 
trailing  edge.  Unlike  the  NAB  control  syscen,  these  floor  and  calling  pcessucss  ace  not 
used  to  set  a  constant  (corrected  for  wall  Interference)  Mach  nunber  during  a  specified 
a-*tep  progran. 

Heasucenants  and  tasting  axpeclanca  at  a  chord  Reynolds  nunbar  of  about  IS  x  10* 
have  both  Indicated  Chat  the  fressccaan  flow  dlscucbanca  level*  In  this  facility  ara  nost 
likely  nuch  higher  than  those  present  In  the  NAE  airfoil  test  facility  at  the  sane  con¬ 
ditions.  Hot-wire  neasucenents'^  have  shown  that  the  nornallzed  velocity  fluctuations 
In  the  settling  chanber  downstraan  of  the  screen*  typically  range  fcon  about  2.0  to  3.0 
peccant.  Correspondingly,  airfoil  drag  neasucenents  obtained  at  chord  Reynolds  nunbecs 
of  IS  X  10*  show  no  differences  between  data  obtained  with  no  transition  fixing  and 
data  obtained  with  transition  fixed  at  S-peccent  chord,  thereby  Indicating  that  the 
elevated  disturbance  level*  in  this  facility  cause  transltlou  to  occur  vary  near  the 
leading  edge.  Unfortunately,  no  absolute  tunnal-to-tunnel  conpaclson  of  disturbance 
levels  between  the  MAR  and  0.3-a  TCT  facilities  Is  possible  at  this  tlae  because  of  tha 
lack  of  coapacabla  data  for  the  NAE  tunnal.  Based  on  Johnson's  results*,  which  showed 
an  exteeaely  wide  range  of  noraallied  velocity  fluctuations  In  the  0.3-a  T(rr  when  four 
different  techniques  were  used  to  establish  flow  quality.  It  Is  concluded  that  any  aean- 
Ingful  quantitative  tunnal-to-tunnel  conpaclson  of  flow  quality  nust  bo  baaed  on  aaeauta- 
aents  of  velocity,  density,  and  total  teapecature  fluctuation*  In  both  facilities  using 
an  Identical  technique  and  Identical  Instcunoncation. 
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TM  MM  alcCell  ■Mp«  Mad  la  both  faellitias  foe  tha  tesulta  eapoetad  In  thin 
atadf.  It  Maa  aa  aft-loadad  ■aupaceritical-tirpa*  airfoil  with  a  euapad  trailing  adga. 
Hm  Mdal  naad  tha  ■■■  taellier  had  a  lO-lneb  chord,  with  a  corraapondlng  aapact  ratio 
o.*  l.S,  whlla  tha  OM  haad  In  tha  0.3-a  TCT  had  a  chord  of  a  Inchna,  and  a  correapondlng 
aapaet  latia  aC  t>is. 


Tha  Ihdaaaea  idlleh  tha  walla  of  'two-dlaana tonal'  tranaonlc  airfoil  teat  faellltlei 
aaact  aa  tha  tlah  ahoat  aa  alrtoil  nodal  at  transonic  conditions  has  been  studied  axtsn- 
slaalr  doc  at  laaat  tha  last  tlttaan  yaacs.  Two  types  of  affects  and  corrections  have 
haaa  explatad.  Om  in  tha  prtMrlly  invlscld  effect  caused  by  the  top  and  bottoa  walls 
Whieh  raaalta  la  the  dlsplaeaMnt  of  tha  stceaallnat  near  tha  walls  away  fcon  tha  free- 
alc  paaltlaaa.  Tha  othec  Intarterenca  affect  la  that  caused  by  the  Interaction  of  the 
aictall  proaaaca  field  with  tha  sidewall  boundary  layers.  Both  sidewall  boundary- layer 
saparatloa  ant  ehanyaa  In  thlekaasa  coattlbute  to  this  intarfsrance  source,  but  only  the 
attaehad-sldaiiall-bonndacy-layet  Interaction  with  the  nodal  pressure  field  Is  ananable 
to  analysis.  Nathoda  which  are  used  to  account  for  each  type  of  Interference,  and.  In 
particular,  those  used  In  this  study,  are  dlscuased  In  this  section. 

ToB  and  hotton  hall  Corraetlonn  -  Three  general  types  of  correction  nethods  ate  avail¬ 
able  today  to  account  tor  tha  dlsplaeaMnt  of  the  streanllnas  caused  by  tha  presence  of 
tha  floor  and  celling  In  transonic  airfoil  testing.  First,  there  are  the  classical  the¬ 
oretical  nethods  that  analytically  slnulate  the  nonlinear  transonic  flow  by  using  the¬ 
oretical  boundary  conditions  on  both  the  airfoil  nodal  and  tha  tunnel  floor  and  celling 
walls.  Typical  nethods  of  this  type  Include  those  based  on  transonic  SMll  disturbance 
theory,  like  the  Initial  nethod  developed  by  Nurnan*,  and  those  baaed  on  solutions  of 
the  transonic  full  potential  aquations,  ilka  the  procedure  developed  by  shnllovlch  and 
caughay^*’.  Nhlle  these  nethods  are  Interesting  In  that  they  provide  'a  priori'  estl- 
Mtas  of  the  wall  corraetlons.  and  they  ware  the  first  transonic  correction  nethods 
developed,  they  are  rarely  used  anynore.  They  do  not  lend  thansalves  to  routine 
application  for  production  type  test  prograns  where  there  nay  be  thousands  of  test 
points,  and  furtharnota,  their  accuracy  is  definitely  sublect  to  question  since  they  ace 
only  as  accurate  as  the  theoretical  nodels  enployed,  and  a  practical  accurate  theoretical 
nodallog  of  ventilated  wall  flow  characteristics  Is  beyond  the  current  state-of-the-art 
capability. 

The  other  two  types  of  wait  correction  Mthods  available  oveceone  tha  raquicaaent  to 
theoretically  nodal  the  wall  flow  characteristics  by  using  the  neasursd  static  pressure 
distribution  on  the  tunnel  walls  as  a  boundary  condition,  slnplest,  and  nost  popular, 
of  these  Mthods  are  those  that  utilize  the  subsonic  linear  theory  of  wall  correettons 
and  apply  It  to  Che  transonic  range  on  the  prenlse  that  tha  farflelds  of  the  subsonic  and 
the  transonic  flows  ace  very  slnllar.  An  obvious  rsqulrsnent  for  the  application  of 
these  nethods  Is  that  tha  test  section  walls  nust  be  operated  at  subcrltlcal  flow  con¬ 
ditions,  even  chough  local  regions  of  supercritical  flow  nay  exist  on  the  tested  airfoil. 
These  Mthods  aasuM  the  tunnel  flow  Is  a  superposition  of  a  nodel-induced  flowfleld,  a 
wall-induced  flowflald,  and  the  tunnel  onset  flow.  Typical  of  these  nethods,  which  ace 
largely  based  on  the  principles  sat  forth  by  Capeller,  Chevalller  and  Bounlol^l,  Is  the 
procedure  developed  by  Mokry  and  Ohnanl^  that  Is  used  In  a  production  node  In  the  NAE 
transonic  airfoil  teat  facility.  In  this  NAE  procedure,  the  wall  boundary-condition 
MasuceMnts  are  conblned  with  a  singularity  nodeling  of  the  airfoil  which  covers  lift, 
volune,  drag  and  pitching  nonants.  Although  this  nethod  Is  based  on  subsonic  conpres- 
albln  flow  analysis,  chanl^  has  shown  by  using  an  asynptotic  transonic  snail  disturb¬ 
ance  analysis  that  the  derived  corrections  to  angle  of  attack  and  freastrean  Mach  nunber 
are  correct  to  the  first  order. 

The  third,  and  nore  conplex,  type  of  wall  correction  nethod  ucillzes  the  naasured 
presauca  distributions  on  the  test  airfoil  together  with  the  neasured  Interface  (wall) 
prassura  distributions  to  conpute  an  equivalent  body  Including  viscous  effects  by  solving 
the  so-called  'Inverse*  problen.  This  equivalent  body  is  then  used  to  calculate  its 
pressure  distribution  In  unrestrained  flow.  Iterating  on  Mach  nunber  and  angle  of  attack 
until  a  nodal  pressure  distribution  Is  achieved  which  'Mtehes*  the  Masured  one.  The 
bast  known  nethod  of  this  type  Is  TWINTAnI*.  developed  by  Eenp,  which  Is  a  nonlinear 
top  and  botton  wall  correction  nethod.  TWINTAM,  used  for  sons  tlM  In  the  NASA  Langley 
0.3-B  TCT  airfoil  facility,  utilizes  thrsn  separate  solutions  of  an  extended  transonic 
SMll  disturbance  equation  In  order  to  obtain  corrections  to  tha  tunnel  Mach  nunber,  and 
angle  of  attack,  as  wall  as  the  wall-induced  rerturbatlon  field.  In  addition,  when  the 
TMIMTAN  solution  Indlcatas  a  significant  lack  of  convargence  between  the  neasured  and 
conputsd  airfoil  prossots  distributions,  the  results  My  provide  an  Indication  that  the 
test  condition  produces  a  wall  Interference  that  Is  too  large  and  hence  tha  data  la  no 
longer  useful  or  valid. 

»ldnMll-nen»a«rw„t.«T«r  Cociefltlons  -  The  first  known  nethod  proposed  to  address  the 
Interaction  of  the  attached  sidewall  boundary  layer  with  the  airfoil  nodal  pressure  field 
was  developed  by  Preston^,  who  calculated  an  nftnctlva  angle  of  Incidence  fron  an 
approxlMte  nodeling  of  the  trailing  vortlclty  assuMd  to  have  been  shad  due  to  a  loss 
of  lift  In  the  boundary  layer.  Llnltad  success  was  achieved  with  this  nethod,  but  not 
enough  to  Mintaln  Interest.  Thlrtr-flvs  years  later,  spurred  on  by  the  experlMntal 
results  obtained  by  Barnacd-(]nalle‘  which  showed  the  affects  of  sidewall  boundary- 
layer  thickness  on  airfoil  lift  at  both  subsonic  and  transonic  conditions,  Barnwall^*-!^ 
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d*v*lot«d  a  Mtbed  to  account  toe  the  affaet  of  ebancoa  la  the  attached  sidotiall- 
boundacr- larac  thleknoaa  dno  to  the  airfoil  Induced  praeeure  field  at  eubaonle  eonditione 
(ana  rianta  3).  He  colated  an  onulvalant  Mach  nunher  ehanna  to  the  average  dlaplaceneat 
thieknoaa  on  the  aidawalla  by  oaa  of  the  Prandtl-Olauert  ainllarlty  rule.  The  nee  of 
thle  technique  waa  danenatrated  to  cotralata  wall  with  the  Baterence  l  axperlnantally 
obeerved  variatione  in  airfoil  pertotaaoee  with  changing  eldewall  boundary- layer  thlck- 
neea  at  euheonic  eonditione. 


Bewail^*  aubaequantly  extended  the 
Barnwell  nethod  to  tranaonlc  eonditione  by 
ehowing  that  the  ainllarlty  of  eonpreeel- 
blllty  and  eldewall  boundary- layer  effecte 
reaulte  In  a  nodlfled  forn  of  the  von 
Karnan  tranaonlc  ainllarlty  rule.  In  thle 
raeultant  Barnwell-Sowall  nethodi*.  an 
equivalent  Mach  nunber  for  an  Ideal  two- 
dlnenelonal  tunnel  with  no  eldewall  bound¬ 
ary  layer  (8*  •  0)  la  defined  as 


^orr,3/«  ,  b3/. 


FtgunS.  Typical SU0m$t BomdarjHJiytf Qnnrth 
About  a  UfHhg  Akfat  In  a 
Tmo-Obnonaloaal  WM  Tirnial 


(2  ♦  S 


) 

"test' 


Pot  tunnsl  Mach  ouBbsts  bstvesD  0.7  and 
0.9«  and  shape  factots  (H)  tanging  between 
1.4  and  1.6.  the  cotteetion  to  the  Mach 
number  Is  approxlaately  26*/b.  which  Is  the  Ctaction  of  the  tunnel  occupied  by  the  two 
sidewall  boundary^layec  displacement  thicknesses.  Pressure  and  force  coefficients  ate 


cotcespondlngly  teansfocaed  by  multiplying  the  tunnel  values  by 


- 

test 


Following  the  Bacnwall-Sewall  eldewall  correction,  a  new  eaall-dlsturbance  nethod 
was  developed  by  Mucthy30  to  account  for  the  change  In  the  effective  freeetrean  Mach 
nunber  due  to  changes  In  the  attached  sidewall  boundary  layer.  This  nethod  la  bated 
prlnarily  on  the  change  In  the  area  of  the  flow  passage  rather  than  on  assunlng  the 
presence  of  significant  spanwlse  valocltles  across  the  width  of  the  tunnel  as  done  In 
the  Barnwell- Bewail  nethod.  For  conparlson  of  wind-tunnel  neasurenents  with  theoretical 
predictions,  the  eeconnended  correctlone  ace  as  follows: 

.  Mach  Nunber  Mcocr  •  Uteet/d  + 

•  pceetuce  Coef.  Cp,cocc  •  Cp,teot<i  ♦  k)i^3 

•  Nocnal  Force  Ca.cocr  •  Cn.testll  ♦  k)i/3 
where 

k  .  (2  4  1/H  -  Mutest’ 

The  cesulte  of  this  approach  show  a  continuing  Increase  in  Che  nagnlcude  of  Che  correc¬ 
tion  fcon  Inconpceselble  to  transonic  speeds.  At  teat  Mach  nunbecs  near  1.0,  Che  dif¬ 
ference  between  these  correctlone  and  those  of  Barnwell- Bewail  ace  not  significant, 
although  In  the  Mach  nunber  range  of  Intecaec  for  this  Investigation,  the  MucChy- proposed 
correction  to  fceeeccean  Mach  nunber  Is  about  20  percent  less  than  that  predicted  by  Che 
Barnwell- Bewail  coccecclon. 

Huetby^i  has  recently  proposed  a  nodlflcacion  to  the  nethod  of  reference  20  to 
account  for  airfoil  aspect  caclo  effects,  which  Is  nost  inportanc  when  Che  width  of  the 
tunnel  la  such  larger  than  the  airfoil  chord.  The  linear  cross- flow  aseunptlon  of  the 
basic  Bacnwell-Sewall  nethod  has  been  replaced  with  a  wavy  wall  flow  nodel.  A  very 
recent  study  conducted  at  NASA  Langley  by  Green  and  Newnan^f  concluded  that  this 
nethod  should  be  used  In  all  future  four-wall  corrections.  However,  this  latest  nethod 
was  not  used  for  the  four-wall  corrections  presented  In  this  paper  since  Che  aspect 
ratios  for  the  two  nodels  were  nearly  the  sane  (l.e.,  l.B  and  1.33  for  NAB  and  o.3-n 
TCT.  raspectlvely)  and.  nost  Inportantly,  the  differences  between  the  two  nethods  trnre 
not  significant  at  these  aspect  ratios. 

Conbinnd  Feat-Mall  Interfsxenns  AsnnaaMni  at  -  Two  types  of  procedures  are  enployed  for 
conblnlng  the  corraetians  for  the  sidewall  boundary  layer  and  the  top  and  botton  wall 
lntarferenes33.  one  Is  a  ssquentlal  application  of  the  two  types  of  corrections, 
while  the  other  Is  a  unified  procedure  that  recognises  the  conblned  effects  of  ths  tw> 
corrections  as  a  unified  wall- induced  perturbation  field.  For  the  results  presented  In 
this  paper,  ths  ssquentlal  procedure  has  been  used  for  all  of  Cha  test  results.  Ths 
unified  procsduce  Is  generally  used  for  wall  corrections  In  ths  Langley  0.3-e  TCT  facil¬ 
ity,  but  the  sequantlal  procedure  was  used  on  the  data  presented  In  this  papsr  so  that 
the  separate  effects  of  the  floor  and  celling  corrections  could  be  obtained. 
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Mcock  aad  luv*  eoapacad  caaalt*  using  tbs  tsgnlSE  ssgusntlsl  proesduca  to 
lasnlta  obtalnad  using  a  tavacsa  sagaantlal  ptoeadnta.  In  tbs  csgnlat  sagnantlal  pto- 
eadatsa,  tba  alnllaclty  aldswll  cotcaetlons  aca  appllad  as  an  input  to  tha  floor  and 
nailing  eorcactiona.  Hhleh  in  turn  rialds  tha  foar-wall  corraetions.  In  tba  tavsrsa 
ssguantial  procadara,  tha  floor  and  calling  corraetions  ara  nada  first,  and  than  tba 
siailarity  aidavall  corraetions  ara  appllad  to  tba  oatpat  froa  tha  floor  and  calling 
corraetions.  Rsaults  froa  tha  conparison  of  tbasa  two  proeadneas  warn  tba  sans,  indi¬ 
cating  tha  principal  of  suparpoaitlon  is  an  aecaptabla  naans  of  substituting  tha 
Murthy^O  sldswall  corractlon  for  tha  Barntfoll-Sawall  eorrsetion  froa  the  rasults  of 
tbs  THIMTIld  coda  dsvalopad  by  Kaap^*.  Ail  of  tha  O.l-a  TCT  data  prasontod  In  this 
papar  was  first  corraetsd  using  tHIHTNd  in  a  tagular  seguontial  nods,  tihieh  usad  the 
Batnwall'Sswall  sldawall  alnllatity  corractlon.  and  than  tbs  Barnwsll-Sawall  corractlon 
was  raplaead  by  tba  Murthy  sldawall  corractlon. 

A  sonawhat  autonatad  varsion  of  Kanp'a  THINTNS  code^d  has  been  davelopad  by 
Ouabart  and  Nawaan^^'^*  for  proeaaslng  data  through  the  various  stops  in  the  O.l-n  TCT 
proesdura.  In  TMIMTMd.  tha  corraetsd  Mach  nuabsr  and  angle  of  attack  are  obtalnad  froa 
tha  nlnlalsatlon  of  tha  aaan  squats  diffaranea  batwoan  tha  surfaca  velocity  over  tha 
airfoil  in  tha  tunnel  and  that  over  the  sans  shape  airfoil  at  tha  sans  lift  in  frsa  air. 
This  dlffars  froa  THINTAM  whara  tha  Mach  nunbar  corractlon  Is  dateralnad  froa  tha  local 
wall-induced  velocity  parturbatlon  at  a  user- specif lad  natch  point  location.  THINTN4 
does  not  usa  a  natch  point. 
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One  naans  by  which  Insight  Into  tha  lagltlnacy  and  atfaetlvanass  of  applying  correc¬ 
tions  for  sidewall-boundary- layer  affacts  in  transonic  airfoil  tasting  can  ba  obtained 
Is  by  coaparlng  eorcectad  test  results  with  tha  corrasponding  prsdietlons  of  eoaputa- 
tlonal  aathoda  which  have  soaa  known  distinguishing  characteristics.  Two  widely  usad 
transonic  airfoil  aathods,  both  based  on  f Inlta-dlf faranea  solutions  of  tba  transonic 
full  potantial  aquations,  ara  usad  in  this  study  for  that  purpose.  They  ara  tha  noncon- 
sarvatlva  varaloo  of  tha  Bauar,  Garabadlan  and  Korn  (BOK)  aotbod^I  rafartad  to  as 
Proqraa  H,  and  tha  fully-eonsarvativa  GRUMPOlL  coda  davalopad  by  Melnik  at  al.^*  for 
airfolla  with  euaped  trailing  edges.  Brief  descriptions  of  those  two  airfoil  analysis 
codas  follow: 

BOK  Pronraa  H  -  Tha  Invlaeld  portion  of  this  aathod^'^  is  based  on  a  nuaerical  solu¬ 
tion  of  tha  full  potantial  aquations  by  aiksd  flow  ralaxation  tachniqnas  In  the  ‘elrela 
plana.*  Hass  is  not  eonsarvad  across  shock  waves  In  this  noneonsarvatlva  aathod, 
although  a  aass-flux  eorraetlon  is  appllad  to  tba  drag  eoaputatlon.  This  lack  of  aass 
consatvatlon  leads  to  solutions  in  which  tha  prsssura  rise  across  tbs  shock  is  lass  than 
the  theoretical  value.  Viscous  affects  are  slaulatsd  by  boundary- layer  displaeansnt 
additions  to  tha  airfoil  surfaca.  and  tba  wake  Is  aodslad  as  a  constant  thickness  exten¬ 
sion  of  the  airfoil.  Tha  turbulent  boundary- layer  aathod  utillxad  is  tba  Integral  aathod 
of  Nash  and  MacOonald^d.  Iterative  solution  of  tba  coupled  Invlaeld  and  boundary- 
layer  solutions  Is  used.  Viscous  ptofils  drag  Is  conputsd  by  using  a  coaprasslbla 
Squlra-Young  drag  foraula  applied  to  tba  conputad  traillng-adga  boundary- layer  quanti¬ 
ties.  Tha  grid  sire  used  Is  l«0  x  28. 

ORMirOlL  (lK3U-»>  -  In  this  varsion^*.  tha  lovlscld  flow  Is  calculated  by  Jaaason's 
*0*  aaah  aultlgrld  schaao  using  rotated  diffatances.  and  Is  fully  conservativa.  The 
boundary- layer  solution  enploys  Cartsr's  saal-invatss  schana^**.  An  axtanslon  of 
Thwaitas'  Integral  aathod  Is  used  for  tha  laalnar  run  and  a  ravlsad  fora  of  Green's  lag 
antralnaant  aathod^^,  aodlflad  for  the  Invarse  calculation.  Is  used  for  tha  turbulent 
flow  on  tha  airfoil  and  Into  tha  wake.  A  coaplata  sat  of  Batching  conditions  couple  tba 
Invlaeld  and  viscid  flowflalds  aneonpasslng  dlsplacanant  affects  on  tha  airfoil  and  In 
tha  wake,  wake  curvature  affacts,  and  tbs  strong  Interactions  at  the  shock  wave  and  at 
tha  trailing  adga.  The  solution  used  for  tha  traillng-adga  boundary- layer  intaractlons 
Is  based  on  a  fotnal  asymptotic  analysis  for  airfoils  with  euspad  trailing  edges,  and 
hence  It  Is  strictly  applieabla  only  to  airfoils  with  snail  Included  traillng-adga 
angles.  Total  drag  Is  datarBlned  froa  an  integration  of  the  pressura  and  skin-friction 
over  tha  airfoil  surfaca,  while  profile  drag  Is  assessed  froa  the  wake  aonentua  thickness 
far  downatreaa.  Tba  fine  grid  alia  aaployad  In  this  version  of  tba  code  is  160  x  32. 

Identifying  Chatactaristics  -  A  aost  useful  paraaatar  for  assasslng  tha  accuracy  of  tha 
cotrectad  test  conditions  Is  tha  chordwisa  location  of  tha  shockwave  on  tha  upper  surface 
of  tha  airfoil.  It  Is  not  uncoaaon  for  tha  shock  wave  on  tha  upper  surface  of  an  aft- 
loaded  airfoil  to  aova  as  much  as  lO-psrcant  chord  for  a  0.01  change  in  tha  fraastcaaa 
Mach  nuaber.  Further,  aany  studles^^’^^  have  shown  that  tha  accuracy  of  tha  eoaputed 
shock  wavs  location  Is  very  closely  Intsrralatad  with  tha  a7curacy  of  the  predicted 
static  ptassura  rise  through  the  shock-wava/boundary- layer  Interaction  region.  Vary 
slaply.  If  tha  predicted  shock  pressura  rise  is  too  snail.  Ilka  It  is  with  a  nonconssrv- 
atlve  aathod,  than  tha  predicted  ahock  location  should  ba  too  far  forward.  Conversely, 
If  the  pradictad  pressura  rise  Is  too  groat,  like  it  Is  with  an  inviscid  fully  consarva- 
tlva  aathod.  then  the  predicted  shock  location  should  ba  too  far  aft.  In  ordar  to  estab¬ 
lish  a  database  for  usa  In  evaluating  tha  accuracy  of  predicted  static  pressura  lump 
conditions  for  Prograa  R  and  GRUNFOIt,.  an  axtansiva  correlation  of  exparlaentally 
obssrvad  )uap  conditions  was  assaablad  using  aaasutaaents  obtained  in  tha  NAB  facility 
for  seven  dlffarant  airfoil  designa.  These  airfoils  ware  all  heavily  instruaantad  with 
static  prassuras  In  tba  ragion  of  tha  shock  wove,  whara  a  spacing  of  ona-parcant  chord 
was  used.  Tha  eotrelatloo  obtalnad  at  a  chord  Raynolda  nunbar  of  it.S  x  10*  is  sh<nin 
In  Figure  4  %riiare  It  Is  eonparad  to  tbs  Juap  conditions  associated  with  an  laantropic 
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Shock,  the  BaBklno-Huvonlot  Eolations,  ths  oazlsua  sttoas  daflsction.  and  a  sonic  post- 
shock  Mach  noabot.  The  data  eortolatloo  ptcaantsd  >s  Indapandsnt  of  airfoil  typo,  as 
espoetod.  sines  tha  pxaaaaeo  ]iiap  across  the  shock  intaraction  region  is  a  local  phan- 
oaanon.  hlao.  sinea  it  is  a  local  phononanon.  the  corralation  should  be  indspendent  of 
any  wall  Intarfsconea  atfsets. 


Flgui»4.  SMe-Pnatun Mae  Thmugh Shock  Wm» 
Menetkm 


FIgumS.  Prodktod  Vonua  ixperimoiM  Shock 
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predletloas  of  tba  shock  pcsssuce  junp  fron  Pcogran  H  and  GSUMFOIL  ace  conpaced  to 
tha  fairing  through  Che  expecineotai  database  in  Figure  &.  Pcogran  H  predictions  ace 
well  below  the  test  data,  while  the  asUMFOIL  slnulatlon  of  the  shock-wave/boundacy- layer 
Interaction  yields  a  pressure  )unp  quite  close  to  the  test  data  fairing,  but  does  tend 
CO  slightly  undecpcedlet  the  }uap  at  low  shock  strengths,  and  slightly  ovecpcedlct  the 
Junp  for  shock  Mach  nunbers  above  1.2.  Consequently,  it  should  be  expected  that  if  Che 
corrections  applied  to  the. wind  tunnel  test  results  ace  appropriate,  then  the  neasuced 
shock  locations  should,  in  general,  always  be  aft  of  the  Pcogran  H  predictions,  aft  of 
the  OBUMFOIL  predictions  at  low  shock  strengths,  but  then  forward  of  the  GBUKKOIL  pre¬ 
dictions  at  higher  shock  strengths. 

There  ace  also  other  features  of  both  Pcogran  H  and  gbUmfoil  that  would  preclude  a 
perfect  correlation  with  test  data  unless  by  coincidence.  Such  factors,  which,  if 
accounted  for,  could  Influence  the  predicted  shock  location  and  other  characteristics  ace 
the  neglect  of  total  pressure  losses  through  the  shock,  and  the  turbulence  generation  and 
anpllf icatlon  caused  by  the  shock-wave  interaction^* ■ that  would  Influence  the 
boundary- layer  growth  through  and  downstrean  of  the  shock.  However,  the  use  of  either 
nethod  in  these  correlations  should  provide  a  consistent  basis  for  conparlson  and 
evaluation. 
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6.  COBRBCTBO  TEST  USULT8  VRSVS  CCMPMUBLB  PUDICTIONS 

Five  case  studies  have  been  selected  to  desonstrate  the  legitisacy  and  effectiveness 
of  applying  cocractions  to  account  for  attached  sidewall- boundary- layer  effects  in  tran¬ 
sonic  airfoil  testing,  while  a  sixth  exaaple  is  used  to  illustrate  tha  lack  of  applica¬ 
bility  of  such  corrections  for  flow  conditions  whan  the  sidewall  boundary  layer  is  sepa¬ 
rated.  Tha  first  three  studies  of  uncorrected  and  corrected  test  results  versus  cospara- 
tive  predictions  utilize  data  obtained  for  aft- loaded  airfoils  in  ^he  NAB  two- dlsenslonal 
airfoil  test  facility.  Both  shockwave  location  and  transonic  drag  characteristics  are 
studied.  The  next  two  case  studies  ace  based  on  data  obtained  for  one  of  the  sase  air¬ 
foil  designs  in  the  NASA  bangley  0.3-b  TCT  airfoil  facility.  These  test  results  pecalt  a 
direct  tunnel- to-tunoel  conparlson  of  corrected  test  results  for  shock  location  and  drag 
cisa  characteristics.  The  last  case  study  is  a  conparlson  of  the  indicated  buffet-onset 
boundaries  neasuced  in  both  tunnels  for  this  sane  airfoil,  a  condition  «rhece  the  side- 
wall  boundary  layers  would  clearly  be  separated.  All  of  the  experlnental  results  and 
pcsdictlons  pcasantad  herein  ace  at  a  chord  Reynolds  nunber  of  either  14.6  x  10*  (NAB) 
or  lb  x  10*  (Langley),  and  with  transition  fixed  in  NAB  at  the  s-peccent  chord  point 
on  both  upper  and  lower  surfaces  using  o.OOlt-incb  dlanetec  glass  beads.  Transition  was 
not  flzad  for  the  0.3-b  TCT  results  presented  herein  because  natural  transition  occurred 
very  close  to  the  leading  edge.  Studies  of  conparable  results  obtained  at  both  higher 
(25-30  x  10*)  and  lower  (4  X  10*)  Reynolds  nunbers  in  both  facilities  support  the 
trends  and  conclusions  obtained  at  the  internediate  Reynolds  nunbers. 

case  Study  Bo.  1  -  In  this  study,  data  obtained  in  the  NAB  facility  on  a  tspreseota- 
tlva  aft- loaded  airfoil  both  with  and  without  sidewall  boundary- layer  bleed  ace  exanined 
to  show  how  the  application  of  appropriate  sidewall  boundary- layer  corrections  resolves 
apparent  Inconsistencies  in  relative  shockwave  locations.  The  effect  of  including  side- 
wall  boundary- layer  cocreetlons  on  ths  correlation  of  GRUMFOIL- predicted  and  neasucad 
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•Ii»clt  locAtioo*  (affined  wh*c«  th*  local  Mach  nuabac  is  l.I)  foe  tbia  airfoil  at  actaebad 
Clow  eoadltioaa  it  illuateatad  in  Pignra  6.  First,  whan  only  the  inviscid  floor  and 
calling  eorcaccions  based  on  Boasurad  boundary-pressure  distributions^^  are  applied, 
it  can  be  seen  that  the  neasured  shock  locations  are  well  forward  of  the  GRUNFOlL  pre¬ 
dictions.  but  most  inportantly.  the  two  sets  of  data  appear  to  be  inconsisteae .  It  can 
also  be  seen  that  the  neasured  shock  location  novas  aft  when  sidewall  suction  is  applied, 
suggesting  the  existence  of  a  higher  effective  "freestrean"  Mach  nunber  (even  though  the 
tunnel  had  been  calibrated  for  both  situations).  Next,  the  result  of  applying  the 
Barnwell  subsonic  nethod^^*^^  to  account  for  sidewall  boundary- layer  effects  in  addi¬ 
tion  to  the  floor  and  celling  corrections  is  deaonstrated .  It  can  be  seen  that  although 
application  of  this  nethod  greatly  reduces  the  inconsistency  between  the  two  sets  of 
data,  it  does  appear  to  overcorrect  for  the  sidewall  boundary- layer  influence.  This 
result  la  also  of  interest  since  an  initial  evaluation  of  the  effectiveness  of  applying 
sidewall  boundary- layer  eocrections  to  airfoil  data  taken  at  transonic  conditions  in  MAE 
was  based  on  the  application  of  this  nethod.  and  led  to  a  rather  negative  conclusion  that 
needs  to  be  put  in  proper  perspective.  Finally,  the  effects  of  applying  the  Barnwell- 
Sewall^^*^^  and  Hurthy^^  transonic  corrections  for  sidewall  boundary- layer  influence 
In  addition  to  the  floor  and  ceiling  corrections  was  investigated.  Results  obtained  with 
the  Murthy  correction  applied  are  shown  in  Figure  6c.  Although  not  shown,  the  results 
obtained  with  the  Barnwell- Sewall  correction  applied  are  very  sinilar.  with  predicted 
shock  locations  within  about  1- percent  chord  of  the  Murtby-predicted  values.  The  cor¬ 
relations  obtained  with  the  GRUMFOIL  predictions  using  either  the  Mucchy  or  Barnvell- 
Sewall  corrections  are  basically  consistent  with  the  GRUHFOlh  shock  pressure  )uBp  compar¬ 
ison  shown  in  Figure  6,  i.e..  at  conditions  where  the  predicted  lump  is  too  high,  the 
predicted  shock  tends  to  be  aft  of  the  experimental  location,  and  vice-versa.  Also,  the 
apparent  inconsistency  between  the  two  sets  of  data  is  greatly  reduced  when  these  coctec- 
tions  are  utilized. 
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FIgun  6.  Effeet  of  Wind  Tonne!  Skhwall  Boundary-Layer  Corrections  on  Correlation  of 
NAE  IS-  by  60-In.  Vorsua  Predlelad  Shock  Location 

Another  verification  of  the  ef fectlveneee  and  legitimacy  of  applying  the  Hutthy  and 
Barnwell- Sewall  coicectlons  Is  provided  by  examining  the  compailsons  of  the  GRUMFOIL- 
pcedlcted  and  measured  static  pressure  distributions  oo  tbs  forward  lower  surface  of  this 
same  alcfoll  with  the  various  corrections  applied  (see  Figure  7).  Since  the  predictions 
toe  this  region  on  the  airfoil  ace  not  stcongly  Influenced  hy  any  possible  inadeguacies 
In  tbs  transonic  ot  viscous  flow  technlgues,  the  measured  and  predicted  pressures  In  this 
area  should  agree  very  cloeely  if  the  tunnel  cotcectlone  used  are  appropriate.  It  is 
seen  from  Figure  7  that  this  agreement  is  not  good  when  only  the  floor  and  celling  cot¬ 
cectlone  ace  uied,  and  Is  not  good  when  the  Bacnwell  subsonic  sidewall  coccectlon  is 
added,  but  the  agreement  Is  excellent  when  either  Che  Bacnwell-Sewall  or  Murthy  correc¬ 
tions  ace  used  In  conlunctlon  with  the  floor  and  celling  coccectlons.  Since  the 
Bacnwell-Sewall  and  Murthy  corcectlohs  yield  gulce  similar  cesults,  all  of  the  ensuing 
case  studies  addressing  the  ef fecclvenese  and  applicability  of  sidewall  boundacy- layer 
coccectlons  make  use  of  the  Hutthy  coccectlon  foe  convenience  sake. 


Caee  Study  Mo.  2  -  This  Investigation,  which  is  an  expansion  of  Che  fleet  study.  Is  a 
much  more  compcehenslve  evaluation  ot  the  effectiveness  and  legitimacy  of  applying  side- 
wall  boundary- layer  corrections  for  attached  flow  conditions  as  evidenced  by  coccelatlons 
of  predicted  and  measucad  shock  locations.  The  alcfoll  conf Igucatlon  used  foe  this  sur¬ 
vey  Is  very  similar  to  that  used  In  Che  first  study,  and  is  the  same  configuration  tested 
In  the  NASA  Langley  0.3-m  TCT  alcfoll  facility,  the  cesults  tcom  ithlch  are  used  In  case 
studies  4,  S  and  6  Involving  tunnel-to-tunnel  compacltons.  Results  ftom  this  case  study, 
which  involves  coccelatlons  of  both  ORUMFOIL  and  BOK  Program  H  predicted  shock  locations 
with  MAE-measucad  locations,  are  presented  In  Figure  8.  cottelaclons  ere  shown  first 
with  no  wall  cocteeclons  applied,  then  with  the  inviscid  floor  and  celling  eocrections 
based  on  neasured  boundary- pressure  distributions  applied,  and  finally  with  the  sidewall 
boundary- layer  eocceetlone  ceconaeaded  by  Muetby  added  to  the  floor  and  ceiling  coccee- 
clons.  One  observation  that  can  be  nada  fcon  these  shock  location  cotcelatlons  Is  that 
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(A)  (B)  (C)  (D) 
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PERCENT  CHORD 


Figure  7.  EHeef  of  Wind  Tunnel  SktemeK  Boundmy-Leyer  Comeflons  on  Coneletlon  of 
NAE 15-  by  SMn.  Versus  Prmbeted  Lower  Surf  see  Pressures 


(A)  imCORRECTEO  (B)  FLOOR  AND  CBIING  CORRECTIONS  (C)  “FOUR-WALL' CORRECTIONS 


FHfiire  8.  Effect  of  Wind  Tunnel  WsH  Corrections  on  Correlstlon  of  Experknentel  Versus 
Predieted  Shock  Loeetlon 

tbe  data  scattec  with  both  GBUMi'oil.  and  Pcogtan  H  cottelatlona  Is  ptogtosslvely  caducod 
as  tha  wall  corcactlons  ate  sequsntlally  applied,  bstnq  swallet  whsn  both  types  of  wall 
eocractions  aca  applied.  Secondly,  the  aBUMPOIL  corcelatlon  obtained  with  both  wall 
coccectlons  applied  Is  very  consistent  with  the  GBUIIF.,11.  shock  pcessute  )uep  coaparlson, 
l.s.,  at  conditions  where  the  predicted  )uep  Is  too  high,  the  pradlctad  shock  Is  aft  of 
the  experlBental  location.  Conversely,  at  conditions  where  the  predicted  )uap  Is  low 
coapared  to  the  eaplrlcal  correlations,  then  the  predicted  shock  Is  forward  of  the 
experlaental  location.  Than,  with  regard  to  the  Prograa  H  cottelatlona,  although  tha 
correlation  is  (colncldantly)  best  when  only  Che  floor  and  calling  corrections  are 
applied,  tha  results  obtained  whan  both  corrections  ace  applied  Is  consistent  with  the 
nonconsacvaClve  focaulatlon  of  Prograa  H,  l.s.,  the  predicted  shocks  ate  forward  of  the 


eocc«tpoodia9  •xp«ri»*atal  valuas.  The  too-£ar-focvard  shock  location  predicted  with 
Ptogram  H  is  also  coasisteat  with  the  overly  possiaistic  boundary- layer  growth  calcula- 
tioa  procedure  employed  la  Program  H>  which  by  itself  would  also  cause  the  predicted 
shock  location  to  be  too  far  forward.  On  the  basis  of  these  correlations,  it  is  con¬ 
cluded  that  the  application  of  sidewall  boundary- layer  corrections  of  the  type  recom¬ 
mended  by  Mucthy  or  Barn«#ell'Sewall  are  appropriate  and  necessary  if  meaningful  compari¬ 
sons  of  predicted  versus  experimental  results  are  to  be  obtained,  and  also  if  the  2-D 
test  results  are  to  be  correctly  applied  to  3-D  wing  designs. 

Case  fltudv  Mo .  3  >  This  case  study,  utilizing  test  results  obtained  on  another  aft- 
loaded  airfoil  configuration  In  the  MAE  facility,  illustrates  how  the  application  of 
sidewall  boundary- layer  corrections  Impacts  the  Interpretation  of  predicted  versus  mea¬ 
sured  transonic  drag  characteristics.  In  this  study,  the  predicted  effects  of  an  airfoil 
modification  intended  to  reduce  drag  at  high  lift  coefficients  based  on  QRUMFOIL  are 
compared  to  the  measured  test  results  with  and  without  sidewall  boundary- layer  correc¬ 
tions  applied.  First,  the  comparison  of  the  predicted  and  measured  drag  polars  for  the 
baseline  airfoil  and  -.he  modification,  with  only  the  floor  and  ceiling  corrections 
applied,  is  shown  In  the  upper  half  of  Figure  9.  it  can  be  seen  that  important  features 
of  the  measured  improvement  provided  by  the  airfoil  modification  are  not  captured  by  the 
corresponding  GRUMFOIL  predictions  in  this  case.  The  measured  improvement  in  the  early 
drag- rise  region  is  clearly  not  represented  by  the  predictions  based  on  GRUMFOIL.  and  the 
magnitude  of  the  improved  lifting  capability  is  obviously  not  properly  represented. 
However,  when  the  Hurthy  sidewall  boundary- layer  corrections  are  applied  in  addition  to 
the  floor  and  celling  corrections,  the  corresponding  comparisons  of  predicted  and  mea¬ 
sured  drag  polars  shown  in  the  lower  half  of  Figure  9  are  in  much  closer  agreement.  The 
essence  of  the  measured  performance  improvement  provided  by  the  airfoil  modification  is 
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(A)  NO  SIDEWAa  CORRECTIONS 


(B)  WITH  SIDEWALL  CORRECTIONS 
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ngun$.  £ff9et  of  SUnmH  Con$e1lomon  timmoHle  Dmt  Peltn 


DOW  eapturad  with  th*  pradletlons  basad  on  QBUMPOIL.  The  Inpcovad  coccelatlon  oceuca 
PclaacllT  hoeauaa  the  piaauMd  tast  Mach  nuabat  la  radncad  bp  about  0.014  whan  the  alda- 
wall  eoEtootlona  aca  applied. 

Cana  Itadw  Mo.  4  -  ha  a  Callow  Up  to  the  eaaa  2  atadr  ot  the  atfacts  oC  applTlnp  wall 
eoEtaetiona  on  tha  eocialation  ot  pradietad  vacaua  naaaurod  ahoek  locationa  Cot  an  aft- 
loadad  airfoil  taatad  in  NhB.  a  vary  analopoua  atudy  baa  bean  catcied  out  baaod  on  the 
raaulta  obtained  ftoai  taata  ot  tbo  aane  alctoil  dealfn  in  the  HhSh  banplay  0.3-b  tcT  alt- 
toil  facility.  Thoaa  two  aeta  ot  caanlta  thacaby  patnlt  a  direct  tunoal-to-tunnal  eon- 
pariaon  ot  tha  ottactivaoana  ot  tha  euttant  atata-of-the-ait  wall  corractiona  aaployad. 
■afore  axaniainp  the  0.2-b  raaulta.  and  eonpaclag  than  to  the  corraaponding  onaa  Cron 
MAS.  it  ia  Inatructiva  to  naka  note  ot  aono  ot  tha  dlaparltlea  that  axlatad  between  tha 
two  atndiaa  aa  tollowa: 

•  OltCacaneoa  in  Bodal/tunnal  gaonattiaa 

-  Sidawall  boundary- layar  blood  ia  located  upatraaa  ot  alrtoll  in  0.3-b  TCT,  but 
aurrounda  aodol  in  KhB. 

-  Tunnel  tloar  and  calling  are  pertoratad  at  NAB,  whereon  0.3-b  TCT  onploya 
low-  Intataranca  alota. 

-  Tunnal  haight/Bodal  chord  ratio  la  i  at  NAB  vacaua  4  at  tha  o.3-b. 

•  Dittarancaa  in  wall  coccaction  nathoda  and  tachnlguea 

-  Floor  and  coiling  corractiona  at  HAB  are  bated  on  llnaar  theory  that  uaaa 
Boaaurad  boundary  condltiona,  Collowad  by  a  aoguantlal  application  ot  the 
Murthy^*'  aldewalV  boundary- layer  coccaction. 

-  Floor  and  calling  corcaetlont  at  tha  0.3-b  TCT  are  alao  baaed  on  Beaauced 
boundary  condltiona.  but  do  not  rely  on  linear  theory. 

-  Tha  Barnwall-Sewall  aldawall  coccactlan  waa  utad  in  tha  0.3-b  tct  tour-wall 
correction  nathod  utlllxlng  the  aaquantlal  aethod  procaduca. 

-  Tha  tour-wall  corractiona  tor  the  0.3-b  TCT  with  the  Mucthy  aldawall  correc¬ 
tion  hava  been  obtained  by  utlng  nuparpoaltlon.  l.a.  aubtcactlng  out  the 
Bacnwall'Sawall  aldawall  correction  and  adding  In  tha  Nurthy^v  correction. 

•  Dittarancaa  In  tunnal  tlow  quality 

-  FtaaatcaaB  dlaturbance  lavala  In  the  NAB  facility  at  a  chord  Baynolda  nunbac 
ot  15  X  10*  are  probably  auch  lower  than  thoaa  arlating  In  the  0.3-b  TCT, 
and  unateadlneaa  In  Mach  nuBbec  ezlatcd  through  a  typical  angle-of-attack 
aweap  In  the  0.3-b  TCT. 

<  Dlftetancaa  In  teat  and  analyala  pcoceduraa 

-  Only  teat  raaulta  with  sidawall  boundary- layer  bleed  operating  ware  obtained 

In  Caaa  study  Mo.  2  at  NAB.  while  ceaulta  with  aldawall  boundary- layer  bleed 

both  on  and  oft  ware  obtained  at  the  0.3-a  TCT. 

-  Only  tha  aRUMFOIL  pcogran  waa  uaad  tor  the  0.3-b  correlation  ot  predicted  var- 
aua  Baaaurad  ahock  locationa  since  the  NAB  atudy  ahowad  tha  Pcogran  H  predlc- 
tlona  ware  not  aa  tellable. 

If  tha  atate-ot-the-art  wall  correction  nethoda  eBployad  In  both  facllltlea  ace  adequate, 
and  thereby  account  for  tha  aodal/tunnal  dittarancaa,  than  tha  only  difference  to  be 
coneernad  about  caualng  a  dlacropancy  in  the  conpaclaon  of  tha  final  four-wall  coccacted 
raaulta  ia  the  dlffacanea  In  tunnel  tlow  quality. 

Baaulta  of  thla  eaaa  atudy.  which  la  concarnad  with  tha  correlation  of  GRUNFOIL- 

predlctad  vacaua  0.3-b  TCT-Boasurad  shock  locationa.  aca  pcaaantad  In  Figure  10.  The 

correlation  la  ahown  flcat  with  no  wall  corcectiona  applied,  then  with  tha  TWINTN4  floor 
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•Bd  ealllnd  oocractloo*  onlr  applied,  and  then  tlnallir  with  the  four-wall  cotrectione 
applied.  The  font-wall  corieetlon  need  haa  been  adjusted  to  Include  the  Mucthy-type 
cocceetlon  to  bo  consistent  with  the  MAE  results.  Several  differences  fron  Che  corres- 
pondlnp  NAB  eorcelaclon  are  apparent,  first,  the  effect  of  the  floor  and  celling  cor¬ 
rections  is  nuch  snallac,  a  tsstiaony  to  the  affscclvenass  of  the  Barnwell  slot  design 
In  Che  0.3-n  TCT.  However,  the  correlation  scatter  is  increased  significantly,  particu¬ 
larly  near  nldehord.  when  the  floor  and  celling  corrections  are  applied.  This  phenonenoo 
Is  undoubtedly  caused  by  the  relatively  high  level  of  unsteadiness  present  In  this  Ini¬ 
tial  configuration  of  the  0.3-n  TCT.  This  has  bean  verified  by  viewing  video  tapes  of 
the  shocK  notion  which  were  obtained  by  using  a  forn  of  real- tine  Moled  Interferonetry 
davalopod  at  NASA  Langley^*.  This  systea  nakes  use  of  the  Interaction  of  holographic 
grids  to  gonerate  an  InCerferonce  fringe  pattern,  and  a  density  perturbation  In  the  flow, 
such  as  a  shock  wave.  Is  easily  detected  as  a  local  shift  In  Che  fringe  pattern.  Shock 
Bovanants  of  10  to  15  percent  chord  were  typically  observed  near  nldehord,  but  snaller 
BOvaaanCs  ware  seen  whan  the  shock  was  further  aft,  both  of  which  correspond  well  with 
the  eorcelaclon  seactac  seen  In  Figure  lO.  The  other  noticeable  difference  fron  Che 
corresponding  NAE  correlation  Is  the  sonawhat  different  forn  of  the  eoccalatlon  obtained 
when  the  four-wall  corrections  ace  applied.  Hhlle  Che  correlation  Is  certainly  nuch 
Inprovad  over  that  obtained  when  only  the  floor  and  celling  corrections  were  used,  and 
Is  In  reasonably  good  agreenent  with  the  NAB  correlation  for  shock  locations  aft  of  nld- 
choed.  the  0.3-b  TCT  neasucad  shock  location  ace  about  5-pecceot  chord  forward  of  those 
observed  In  NAE  at  flow  conditions  where  the  predicted  shock  location  Is  forward  of  nld- 
ehoed.  As  such,  the  0.3-a  TCT  correlation  Is  no  longer  consistent  with  the  GRUMfOIL 
shock  pressure  junp  deviation  for  these  weaker,  note  forward  shocks.  Hhlle  it  is  pos¬ 
sible  that  Bone  of  this  difference  could  be  attributable  to  Che  differences,  or  Inaccu¬ 
racies,  in  the  wall  correction  nechods  enployed  In  both  facilities.  It  Is  also  very 
plausible  that  this  difference  could  be  largely  attributable  to  the  apparent  higher  fcee- 
atcean  disturbance  levels  chat  were  present  In  the  version  of  the  0.3-n  TCT  with  an  a  by 
24  in.  teat  section.  It  Is  suggested  that  this  Increased  freestrean  turbulence  level 
would  result  In  an  Increased  race  of  boundary- layer  growth  on  the  airfoil  which,  in  turn, 
would  cause  the  shock  to  be  note  forward,  l.e.,  such  as  occurs  with  the  thicker  boundary- 
layer  present  at  lower  Reynolds  nunbera.  Although  there  Is  sone  anblguity  Involved  In 
Che  Incecpretaclon  of  the  corrected  test  results  for  this  Intended  tunnel- to- tunnel  con- 
parlson  due  to  the  flow  quality  problem,  Che  shock-location  correlations  obtained  with 
Che  final  four-wall  corrected  results  do  agree  fairly  well,  certainly  better  Chan  the 
results  not  corrected  for  sidewall  boundary- layer  effects.  It  Is  also  of  Interest  to 
note  the  effect  Chat  the  0.3-n  TCT  sidewall  boundary- layer  bleed  syscen,  located  upstream 
of  Che  model,  haa  on  Che  data  correlation.  It  can  be  seen  from  Figure  10  that  Che  final 
cocrelaclon  with  Che  four-wall  corrections  applied  Is.  In  fact,  poorer  with  the  bleed 
syscen  operating.  There  Is  no  Immediate  explanation  for  this  trend. 

Case  Study  Wo.  5  -  In  this  final  case  study  involving  flow  conditions  where  the  side- 
wall  boundary  layers  are  attached,  the  compcesslblllty-drag  characteristics  measured  in 
NAE  and  the  0.3-m  TCT  for  the  sane  airfoil  configuration  used  In  cases  2  and  4  ace  com¬ 
pared  with  each  other  and  with  ORUMFOIl,  predictions  to  further  evaluate  the  effectiveness 
and  legitimacy  of  applying  sidewall  boundary  layer  corrections.  The  two  sets  of  test 
results,  together  with  the  corresponding  GRUMFOtl,  predictions,  ace  presented  In  Figure 
11,  first  with  no  corrections  applied,  then  with  the  respective  floor  and  celling  correc¬ 
tions  applied,  and  finally  with  the  HucthyZO  sidewall  boundary- layer  correction 
Included  In  addition.  Before  any  corrections  ace  applied,  the  two  sets  of  data  are  not 
In  agreement  with  each  other  or  with  the  GRUMFOIL  predictions  In  the  critical  steeper 
drag-rise  region.  When  the  respective  floor  and  ceiling  corrections  ace  applied,  it  can 
be  seen  that  the  two.  sets  of  data  ace  In  better  agreement,  but  they  still  do  not  corres¬ 
pond  to  the  GRUMFOIL  predictions  in  the  drag-rise  region.  However,  when  the  Mucthy  side- 
wall  boundary- layer  correction  is  added  (to  the  floor  and  celling  corrections),  the  mea¬ 
sured  drag- else  characteristics  from  both  tunnels  agree  much  better  with  the  predicted 
results.  To  collaborate  these  findings,  the  measured  and  predicted  airfoil  pressure 
distributions  were  examined,  and  Indeed,  the  measured  and  predicted  pressure  distribu¬ 
tions  (l.e.,  shock  strength  and  associated  wavs  drag,  which  dominates  the  steep  part  of 
the  drag  rise)  did  not  closely  match  each  other  until  the  sidewall  boundary- layer  correc¬ 
tion  was  applied.  These  results  further  substantiate  the  position  that  application  of 
sidewall  boundary- layer  corrections  of  the  type  recommended  by  Mucthy  or  Barnwell  Sewall 
Is  appropriate  and  necessary  when  the  sidewall  boundary- layer  is  attached  If  experimental 
results  are  to  be  correctly  Interpreted. 

Case  Study  No.  t  -  The  derivations  (and  applications)  of  the  Barnwell,  Barnwell-Sewall, 
and  Murthy  sidewall  boundary- layer  correction  procedures  ace  based  on  having  attached 
boundary  layers  on  the  tunnel  sidewalls,  and  there  ace  important  performance  conditions 
involving  unseparated  flows  (l.e.  at  typical  cruising  conditions  or  when  defining  the 
drag  rise  chacactec Istlcs)  where  use  of  these  corrections  Is  necessary  to  properly  Inter¬ 
pret  transonic  airfoil  test  results.  However,  there  ace  also  Im'iortant  performance  con¬ 
ditions  Involving  separated  flows  (like  the  buffet  boundary)  where  It  Is  equally  import, 
ant  to  correctly  interpret  the  test  results.  In  (act,  the  buffet  boundary  can  at  times 
be  neatly  as  important  a  performance  parameter  as  drag^'^.  In  this  case  study,  the 
Indicated  buffet  onset  boundaries  (defined  by  trailing- edge  pressure  divergence),  from 
both  the  NAB  and  0.3-n  TCT  tests  of  the  airfoil  configuration  used  In  the  previous 
studies,  ace  used  to  demonsttate  that  use  of  sidewall  boundary- layer  corrections  at  these  » 

sepacated-flow  conditions  Is  not  meaningful.  These  results  also  provide  sone  Insight  j 

Into  the  calatlva  Importance  of  boundary-  layer  bleed  amount  and  location  of  the  sidewall  { 

boundary- layer  reaeval  on  the  dafinitlon  of  Che  buffet-onset  boundary  whan  there  Is  1^  . 

likely  separation  of  the  sidewall  boundary  layer.  |i. 
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Tb«  buttet  bound«ciea  Indicated  fcoa  both  the  NAB  and  0.3-b  TCT  testa  ace  ahovn  In 
Flquce  12.  CoNpacisons  of  the  tm  sate  of  data  ace  shown  flcst  with  no  wall  coccactlons 
applied,  then  with  the  respective  floor  and  celling  corrections  applied,  and  flnalljr, 
with  the  Hucthir^*!  sidewall  boundary' layer  correction  included  In  addition.  There  Is  a 
large  disparity  between  the  NAB  results  and  the  corresponding  o.s-a  TCT  results  when  no 
wall  cocractlons  ace  applied,  but  that  disparity  Is  significantly  reduced  with  the  appli¬ 
cation  of  the  respective  floor  and  celling  eoccectlons.  As  expected,  the  application  of 
tha  Mucthy  sidewall  boundary- layer  correction  to  data  with  aodel-lndueed  sidewall 
boundary- layer  separation  present  does  not  provide  any  additional  lapcoveaent  In  tha 
tunnel- to- tunnel  coapaclson,  or  even  In  the  coapaclsons  of  the  0.3-n  TCT  data  obtained 
with  and  wltha)-t  sidewall  boundary- layer  bleed. 

Nlth  regard  to  the  effectiveness  of  the  different  sidewall  bleed  accangeaants.  It  can 
be  seen  froa  the  data  coapaclson  with  floor  and  celling  coccactlons  applied  that  tha  NAB 
suction  arcangeaant,  which  affectively  surrounds  the  aodel,  appears  to  be  noca  effective 
than  the  0.3-n  TCT  upstceaa  boundary- layer  cenoval  concept  In  reducing  the  adverse  affect 
of  the  sidewall  boundary  layer.  Fucthacnoce.  tha  coapaclson  of  tha  0.3-a  TCT  data  with 
and  without  sidewall  boundary- layer  bleed,  which  Indicates  a  poorer  buffet  boundary  when 
the  bleed  systan  Is  on.  casts  additional  doubts  on  tha  usefulness  of  the  upstceaa  bound¬ 
ary-  layer  cenoval  concept  tor  test  conditions  with  a  separated  sidewall  boundary  layer. 

One  ether  possible  explanation  for  seas  of  the  dltfarancas  In  Indicated  buffet-onset 
boundaries  obtained  In  the  two  different  tunnels  could  be  related  to  the  differences  in 
airfoil  nodal  chord,  l.e..  10  Inches  In  MAE  versus  8  Inches  In  tha  o.3-a  TCT.  Nucthy. 
Johnson,  et  al.^*  presented  results  for  two  different  airfoil  chord  lengths  In  tha 
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0.3-a  TCT  at  tha  aaaa  ehord  Rayaolds  nuabata  that  Indicatad  that  the  coapcaaalon  of  the 
alcfoll  ptaasura  gtadianta  on  the  aldawall  boundary  layer  with  the  aaallar  nodal  led  to 
an  earlier  aaparation  of  tha  aidetull  boundary  layer. 


7.  coHCLosiem 

A  ayataaatie  expariaantal/conputational  invaatigatlon  baa  been  carried  out  to  eatab- 
llah  tha  lepitlaaey  and  ettactivanaaa  of  applying  corractiona  to  account  for  aldewall 
boundary- layer  atfacta  in  tranaonic  airfoil  tearing,  and  alao  to  highlight  the  conditiona 
for  which  thaaa  corractiona  are  appropriate  and  thoae  for  which  they  are  not.  Several 
exaaplaa  have  bean  praaented  to  ahow  the  reaulta  of  applying  thaae  cortectlona  on  drag 
polara,  coapranalbility  drag,  ahock-wave  location,  and  definition  of  buffet  onaet  bound- 
ariaa.  Araaa  covarad  hava  ancoapaaaad  conditiona  with  and  without  flow  aeparatlona. 
altuationa  with  and  without  aidewall  bleed,  teata  of  the  aaae  airfoil  configuration  in 
two  different  tunnala.  and  different  typea  of  aidewall  bleed.  Analyaia  of  the  reaulta 
fron  thla  inveatlgatlon  haa  led  to  the  following  conclualona: 

1.  The  application  of  aidewall  boundary- layer  correctlona  of  the  type  reconnended 
by  Murthy  or  Batnwell-Sewall  ia  appropriate  and  neceaaary  if  naanlngful  conparlaona  of 
predicted  veraue  experinental  reaulta  at  attached  flow  conditiona  are  to  be  obtained,  and 
alao  if  the  2-0  teat  reaulta  are  to  be  correctly  applied  to  3-D  wing  dealgna. 

2.  Available  aidewall  boundary- layer  correction  nethoda.  which  asaune  attached 
flow,  ace  not  appropriate  when  flow  aepacation  exlata  on  the  airfoil  (and  sidewall)  such 
as  occurs  when  approaching  buffet  onset  and  naxinun  lift. 

3.  Incorporation  of  sidewall  boundary- layer  bleed  does  not  appear  to  provide  any 
obvious  advantage  In  obtaining  note  accurate  transonic  airfoil  data  at  conditions  when 
the  flow  on  the  nodel  (and  sidewall)  is  attached  i£  sidewall  boundary- layer  corrections 
ace  used. 

4.  Baaed  on  indicated  buffet-onset  results,  boundary- layer  bleed  can  be  effective  in 
aaintalning  2-D  flow  on  the  airfoil  at  separated  flow  conditions,  but  only  if  the  bleed 
la  applied  around  the  nodal.  Upstrean  boundary- layer  cenoval  does  not  appear  to  help 
this  situation.  Increased  airfoil  chord  lengths  at  a  given  chord  Beyholds  nunbec  nay 
welt  be  beneficial  in  delaying  the  onset  of  sidewall  boundary- layer  separation. 

5.  If  tunnel- tO'tunnel  conpacisons  Cor  specific  airfoil  configurations  are  to  be 
undertaken  to  further  validate  the  accuracy  of  current  four-wall  correction  technlgues, 
than  conpacable  tunnel  flow  guality  is  an  inpoctanC  prerequisite  if  anbiguous  results  ace 
to  be  avoided. 
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It  aaaaa  reaaonabla  to  conaidar,  bafora 
giving  a  aumaary  of  tha  raaulta  of  tha 
atudy  of  tha  Raaaarch  Coaaittaa,  tha  baaic 
idaa  and  aaaning  of  vlacoua  aimuiation  and 
boundary  layar  control  aa  appliad  to  wind 
tunnal  taatlng,  although  thia  la  wall 
kno%m  to  moat  aarodynaniciata  involvad  in 
tha  dasign  and  davalopmant  of  tranaonic 
flight  vahiclaa  and  tha  aaaociatad  wind 
tunnal  tasting.  For  that  purpose  Figure  1 
shows  in  two  opposite  plots  the  dapandance 
of  tha  lift  coafficiant  for  a  tranaonic 
airfoil  at  a  given  fraaatraam  Mach  number 
on  tha  Reynolds  number  for  a  fixed  tran* 
sition  location  and  on  tha  transition 
location  at  a  constant  Reynolds  number 

[1] .  Common  to  both  plots  is  tha  data 
point/  marked  by  tha  octagonal  syn^ol,  at 
a  Reynolds  number  of  Re  =  2.4  x  10*  and 
transition  fixed  at  7  percent  chord.  One 
observes  in  the  right«hand  plot  that 
changing  the  Reynolds  number  between 
2.4  X  10*  and  31  x  10*  results  in  a  change 
in  lift  coafficiant  frcxs  about  ^  -  0.55 
to  Cl  ”  0.70,  l.a.,  a  chan^  by  almost 
30  percent.  Considering  now  tha  left-hand 
plot,  it  is  seen  that  varying  tha  transi¬ 
tion  location  between  7  and  50  percent 
chord  causes  about  the  same  change  in  lift 
coefficient.  Obviously  there  exists  an 
equivalence  between  changing  Reynolds 
number  and  transition  location.  There 
must,  therefore,  be  some  viscous  parameter 
or  parameters  that  dominate  certain  crit¬ 
ical  flow  phenomena  -  to  be  specified 
later  -  and,  as  a  consequence,  the  global 
flow  development  on  the  transonic  airfoil 
considered. 

Simulation  procedures  based  on  manipulat¬ 
ing  the  transition  location  have,  to  var¬ 
ious  degrees,  been  applied  for  some  time 

[2] .  These  procedures  have,  however, 
generally  not  been  based  on  a  sound 
understanding  of  the  underlying  physics 
of  the  flow  since  the  dominating  viscous 
and  outer  invlscid  flow  parameters  that 


govern  certain  critical  flow  phenomena  - 
and  that  must,  therefore,  be  duplicated 
at  prominent  locations  on  a  given  aero¬ 
dynamic  surface  -  are  largely  unknown. 
These  deficiencies  led  to  the  formation 
of  the  Research  Committee  within  the  ACARD 
Working  Group  09  ^Boundary  Layer  Simu¬ 
lation  and  Control  in  Wind  Tunnels"  with 
the  following  objectives^ 

*  Review  of  the  physics  associated  with 
the  simulation  of  high  Reynolds  number 
flow  and,  in  particular,  identifica¬ 
tion  of  viscous  and  outer  inviscid 
flow  parameters  that  dominate  vis- 
cous/inviscid  interactions  sensitive 
to  changes  in  the  Reynolds  number, 
hence  crucial  to  the  simulation  proc¬ 
ess. 

»  Definition  of  research  needed  to 
lB4>rove  the  understanding  of  the  flow 
physics  associated  with  viscous  sioiu- 
lation  Including  research  needed  to 
identify  and  account  for  wind  tunnel 
environmental  effects. 

*  Definition  of  experiments  and/or  CFD 
exercises  needed  to  establish  the 
sensitivity  of  relevant  flow  phenomena 
or  flow  developments  to  viscous 
effects. 

The  Research  Coniittee  cos^rised  the  fol¬ 
lowing  members: 

Prof.  c.  Ciray,  Turkey 
Nr.  A.G.T.  CrofcS,  U.K.* 

Prof.  J.L.  van  Ingen,  The  Netherlands 
Dr.  E.N.  Kraft,  U.S.A. 

Dr.  R.  Nichel,  France 
Nr.  J.D.  Peterson,  U.S.A.* 

Dr.  E.  Stanewsky,  F.R.G. 

Dr.  J.  Ssodruch,  F.R.G.* 
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of  thair  asaiqnaant  In  tha  Ravlaw  CoBBlt- 
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t0«.  Th0  final  raport  of  the  Raaearch 
CoBBittaa  covers  tha  following  aubjacta 
in  datailf  always  in  tha  light  of  viscous 
sioulation: 

•  Botindary  layar  davalopaant  and  tran¬ 
sition 

•  Non-aquilibriun  boundary  layars 

«  Shock  boundary  layar  intaraction 

•  Claaaical  saparation,  trailing  adga 
flow  and  buffat 

•  Vortax  flows 

•  Environaantal  affacts  on  tha  boundary 
layar  davalopraant  and  transition 

•  Boundary  layar  manipulation 

Tha  prasant  papar  will  prasant  in  soma 
datail  salactad  rasults  pertaining  to 
these  subjects  and  summarise  our  findings 
with  respect  to  tha  dominant  viscous  and 
outer  inviscid  flow  parameters  and  most 
urgently  needed  research. 

CRITICAL  FLOW  PHEKOMEKA 

One  can  quite  easily  imagine  that  certain 
local  flow  phenomena  that  either  affect 
tha  boundary  layer  development  or  are 
strongly  influenced  by  changes  in  tha 
condition  of  tha  boundary  layar  may 
largely  contribute  to  the  observed  dif- 
farancas  between  low  Reynolds  number  wind 
tunnel  and  full-scale  flight  rasults. 
These  flow  phenomena  ware  termed  "crit¬ 
ical"  by  tha  Research  Committee  and  I 
would  like  to  demonstrate  why  critical  by 
close  examination  of  Figure  2  (1).  Plot¬ 
ted  ara>  for  a  given  freaatream  Mach  num¬ 
ber/  tha  displacement  thicknesses  upstream 
of  tha  shock  on  the  upper  surface  of  a 
transonic  airfoil/  immediately  downstream 
of  the  shock  and  at  the  trailing  edge, 
respectively/  as  function  of  the  shock- 
upstrecuB  Mach  number/  i.e.,  in  essence 
shock  strength/  varied  by  changing  the 
angle  of  attack.  The  airfoil  chord  loca¬ 
tions  considered  are  indicated  in  the 
inset  to  the  figure.  The  most  important 
parameter  of  the  graph  in  the  present 
context  of  viscous  simulation  is  the  ini¬ 
tial  displacement  thickness,  i.e.,  the 
displacement  thickness  upstream  of  the 
shock/  which  waS/  for  instance/  varied  by 
changing  the  location  of  the  transition 
strip  from  7  %  chord,  marked  by  circles, 
to  30  %  chord,  represented  by  triangles. 
One  observes  that  this  shift  In  transition 
location  causes  only  a  small  diffsrence 
in  the  displacement  thickness  upstream  of 
the  shock.  Going  through  the  shock,  this 
difference  Increases  markedly;  a  quite 
spectacular  furtl^er  increase  occurs 
between  shock  and  trailing  edge  due  to  the 
strong  sustained  adverse  pressure  gradi¬ 
ents  prevailing  in  that  region.  The  change 
in  lift  coefficient,  depicted  in  Fig.  1, 
is  directly  proportional  to  the  change  in 
displacement  thickness  at  the  trailing 
edge.  Coming  back  to  the  critlcalness,  one 
sees  that  shock  boundary  layer  interac¬ 
tion,  trailing  edge  flow  and  classical 
trailing  edge  separation  -  whose  occur¬ 
rence  is  hers  indicated  by  the  steep 
increase  in  the  trailing  edge  displacement 
thickness  at  a  shock-upstream  Mach  numbar 


of  about  =  1.33  -  are  critical  in  tha 
present  sense  since  small  initial  differ- 
ancae  in  tha  boundary  layar  properties, 
sjcampXified  by  the  displacement  thickness, 
are  changed  considerably  by  the  shock  and 
rear  adverse  pressure  gradiente,  which, 
in  turn,  rasults  in  a  noticeable  effect 
on  the  development  of  trailing  edge  sepa¬ 
ration. 

Critical  flow  phenomena  in  tha  sense  just 
described  were  identified  by  the  Research 
Committaa;  they  are  summarised  in 
Figure  3  and  include,  as  already  indi¬ 
cated, 

•  shock  boundary  layer  interaction  with 
the  boundary  layer,  dependent  on  shock 
strength,  either  attached  or  sepa¬ 
rated, 

•  trailing  edge  flow  in  general  and 
classical  sustained  adverse  pressure 
gradient  Induced  separation,  where 
such  separation  may  occur,  as  shown, 
in  the  trailing  edge  region  of  an 
airfoil  or  wing  but  also  close  to  the 
leading  edge,  for  instance,  in  form 
of  a  laminar  separation  bubble,  and 

•  vortex  flows  -  of  course  closely 
associated  with  separation  -  including 
the  formation  of  wing  and  body  vor¬ 
tices,  shock  vortex  interaction  and 
vortex  breakdown. 

There  is  a  second  group  of  critical  phe¬ 
nomena  which  ptlmarily  affect  the  boundary 
layer  development  without  having  a  direct 
Influence  on  the  outer  flow  -  as  do  the 
strong  viscous/inviscid  interactions  just 
considered.  These  phenomena  are  critical 
since  the  ing>lementatlon  of  any  viscous 
simulation  process  requires  the  under¬ 
standing  and  predictability  of  the  bound¬ 
ary  layer  develoixnent  as  it  occurs  natu¬ 
rally  on  a  given  aerodynamic  surface  - 
such  as  in  flight  -  or  as  it  evolves,  for 
instance,  under  the  influence  of  the  wind 
tunnel  environment  or  by  boundary  layer 
manipulation.  The  Research  Committee  con¬ 
sidered,  accordingly,  relevant  aspects  of 
the  wind  tunnel  environment,  i.e.,  the 
effect  of  noise,  turbulence,  temperature 
spots  and  model  irregularities  on  the 
boundary  layer  development  Including 
transition,  and  -  most  iiiq>ortant  in  the 
present  context  -  boundary  layer  manipu¬ 
lation  techniques  including  conventional 
and  advanced  tripping  devices,  boundary 
layer  suction  and  surface  cooling. 

Ke  will  now  consider,  as  mentioned  above, 
in  some  detail  selected  results  of  the 
Research  Committee  report  pertaining  to 
the  critical  phenomena. 

SHOCK  BOUNDARY  LAYER  INTERACTION 

The  lng>ortance  of  shock  boundary  layer 
Interaction  to  the  overall  flow  develop¬ 
ment,  at  least  for  transport  aircraft 
configurations,  was  already  pointed  out. 
Shock  bovindary  layer  interaction  coiig>ri8e8 
three  mein  eleunents  whose  correct  full- 


■cala  aiBUlatloa  auat  ba  aaaurad  in  tha 
low  Raynolda  nuabar  wind  tunnal  taata:  tha 
upatcaan  ln£luanea<  daflaad  in  Figura  4a 
and  danotad  L*.  tha  onaat  of  dioek-lnducad 
OF  ineipiant  aaparatlon.  daflnad  aa  tha 
eondttlon  idiara  tha  tiall  abaar  atraaa  luat 
touchaa  'aaro*  with  Incraaalng  ahock 
atrangtb^  Flgura  4b,  and  tha  antant  of  tha 
ahock- Induead  aaparatlon  bubbla  indicatad 
by  tha  raglen  of  nagativa  wall  ahaac 
atraaa,  Lg,  in  tha  right-hand  aida  diagran 
of  Pig.  Mota,  that  inataad  of  tha  wall 
ahaar  atraaa,  tha  ahapa  paraaatar  of  tha 
boundary  layor  H32  •  (**/>  can,  aa  ahown 
in  thia  figura,  ba  utiliaad  to  datamina 
tha  onaat  and  axtant  of  a^paration  [  1  ] 
tsi- 

Tha  upatraaa  influanca,  which  rulaa  tha 
intaractiva  praaaura  gradiant  inpoaad  on 
tha  boundary  layor,  banco  dataninaa  tha 
condition  of  tha  boundary  layar  laaving 
tha  intaraetion  rogion,  waa  found  to  ba 
for  a  turbulant  boundary  layar  ao^aly 
dapandant  on  tha  viaeoua  paranatar  (tj/c) 
(Hii-i),  wharo  (3  and  Ri^  dia- 
placanant  thieknaaa  and  tha  incoaqpraaaibla 
ahapa  factor,  roapactlvoly,  lanadiataly 
upatraaa  of  tha  ahock. 

Inclpiant  aaparatlon  wan  found  to  bo 
rathor  Inaanaltiva  to  viaeoua  affactn  and 
it  la  ballavod  that  duplicating  tha  para- 
notar  doBlnatlng  tha  upatraMi  Influanca 
in  tha  low  Raynolda  nuabar  wind  tunnal 
taata  will  raault  in  tha  corract  alau- 
latlon  of  full-acalo  ahock  boundary  layar 
intaraetion  up  to  aaparatlon. 


Wo  ahall  diaeuaa  now,  in  aoaowhat  aora 
datail,  tha  davalopaont  of  tha  ahock-in- 
ducod  aaparatlon  bubbla  with  Incraaalng 
ahock-upatroaa  Nach  nuabar,  Nj,  l.a., 
Incraaalng  ahock  atrangth.  Tha  dlacuaalon 
la  baaad  on  a  corralatlon  of  raaulta 
obtalnad  on  two  tranaonlc  airfoila  In 
axtanalva  aurfaca  praaaura  and  boundary 
layar  aaaauraaanta  ( 1 J . 

Tha  ahock-lnducad  bubbla  axtant,  nomal- 
ixad  by  tha  aonontua  thieknaaa  upatraaa 
of  tha  ahock,  6^,  la  ahown  In  Plgura  5 
dapandant  on  tha  ahock-upatroaa  Nach  nua- 
bor,  Nx,  and  tha  condition  of  tha  Inconlng 
turbulent  boundary  layor,  tha  latter  var¬ 
ied  by  changing  tha  Raynolda  nuabar  and 
tha  tranaltlon  location.  One  obaervea, 
flrat  of  all,  that  both  airfoila  -  to  ba 
diatlngulahad  by  tha  open  and  half-filled 
ayabola,  reapactlvaly  -  exhibit  aliailar 
bubble  dovalopaionta  with  incraaalng  Hi, 
hara  varied  by  incraaalng  angle  of  attack: 
Tha  aaparatlon  onaat,  or  Incipient  aapa- 
ration,  indicated  by  ’aaro*  bubble  axtant, 
occura  for  all  viaeoua  conditlona  conald- 
arad  cloao  to  a  ahock  upatroan  Mach  nuabar 
of  Ml  a  1.30.  Thia  conflrao  a  fair  nuabar 
of  aiqMrlaantal  and  thaorotical  raaulta. 
all  indicating  that  incipient  aaparatlon, 
aa  already  outlined,  ia  rathor  indepondant 
of  viaeoua  affacta  (4|  ($].  With 
incraaalng  ahock-«v>atroaai  Mach  nuabar,  an 
aaaontlally  llnaar  downatraaa  aproading 
of  tha  bubbla  takaa  place  Which  continuoa 


to  tba  ao-callod  bubble  blow-up  [6], 
unfortunately  not  ei^turad  in  tba  proaont 
taata.  Nora  iaportant  in  tba  praaent  con¬ 
text,  one  can  racognlaa  t%ro  dlatinet  aata 
of  curvaai  tba  lower  one  waa  obtalnad  for 
a  tranaltlon  location  of  30  X  chord,  i.a., 
a  rolatlvaly  thin  boundary  layar  upatroan 
of  tha  ahock,  the  upper  ona  for  a  tranal- 
tion  location  of  7  X  chord  and  a  corra- 
apondingly  thicker  initial  boundary  layor. 
Tha  thinner  boundary  layar  clearly  raaulta 
in  a  alowar  prograaalon  in  tha  devalopnant 
of  tha  ahock-lnducad  aaparatlon  bubbla 
and,  aa  a  conaaquenca.  In  a  delay  in  the 
total  breakdown  of  the  flow. 

In  an  attonpt  to  correlata  the  raaulta  of 
tha  bubbla  extent  and  to  identify  tha 
najor  Influanca  paranatara,  a  corralatlon 
paranatar  waa  derlvod  Inpirlcally  con- 
aiating  of  tha  ahock-upatraan  Nach  nunbar 
In  tha  fom  (Ni  -  1.3)  -  to  account  for 
tha  doninant  Influanca  of  thia  Nach  nunbar 
and  tha  Inaanaitlvlty  of  inclpiant  aapa¬ 
ratlon  to  viaeoua  affacta  -  and  tha  ini¬ 
tial  nonantun  thieknaaa  nomalixad  by  the 
avaraga  upper  aurfaca  contour  radlua 
between  ahock  and  trailing  edge,  R, 
Figure  6.  Tha  latter  la  prlnarily  conaid- 
arad  aa  a  neaaura  of  tha  rear  advaraa 
praaaura  gradlanta  %dkich  are  different  for 
tha  two  airfoila  conaidarad.  Ona  aaaa  that 
tha  corralatlon  derived  provldaa  a  rather 
aatlafactory  alignnant  of  tha  axparlnantal 
raaulta  which  auggaata  that  tha  doninant 
viaeoua  paranatar  governing  the  bubbla 
devalopnant  ia  tha  nonantun  thieknaaa 
upatraan  of  tha  ahock.  It  nay  -  cautloualy 
-  ba  concluded  fron  thaaa  raaulta  that 
duplicating  tha  full-aeala  nonantun 
thieknaaa,  noraallcad,  of  couraa,  by  tha 
appropriate  chord  length,  will  provide  a 
bubbla  devalopnant  cloaaly  ainilar  to  tha 
full-acala  ona. 

The  praaent  data  confim  raaulta  of  a  nuch 
nora  axtanalva  Invaatigation  on  airfoila 
and  winga  conducted  over  a  wide  Raynolda 
nunbar  range  by  Fulkar  and  Aahill,  who 
corralatad  tha  bubble  axtant,  I^/Si  ,  with 
tha  local  Raynolda  nunbar  baaad  on  tha 
nonantun  thieknaaa,  Rex,  and  tha  ahock- 
upatraan  Nach  nunbar  [  6  ] .  They  have  ahown 
that  for  a  thraa-dinenalonal  wing  dupli¬ 
cating  tha  full-acala  bubbla  extent  in  tha 
low  Raynolda  nuabar  wind  tunnal  taata, 
l.a.,  eaaantlally  duplicating  0x,  will 
raault  In  tha  coaplata  duplication  of  tha 
full-acala  threa-dlnanalonal  praaaura 
diatribution.  Thia  la  danonatratad  in 
Figura  7  for  tba  outboard  region  of  a 
thraa-dinanalonal  wing  in  tha  following 
way:  Aaaunad  aa  full-acala  condition  ia  a 
chord  Raynolda  nunbar  of  Rag  a  30  x  10* 
at  a  fraaatraan  ^ch  nunbar  of  M.  a  0.7B0 
and  a  lift  coefficient  of  Cx,  •  0.70. 
According  to  tha  correlation  of  Fulkar  and 
Aahill,  tha  bubbla  axtant  corraapondlng 
to  thia  condition  can  ba  duplicated  either 
by  locating  a  tranaltlon  trip  (tranaltlon) 
at  IS  X  chord  and  taating  at  a  Raynolda 
nunbar  of  Rag  •  13  x  10*  or,  altamativa- 
ly,  by  locating  a  tranaltlon  trip  at  30  X 
chord  and  taating  at  a  Raynolda  nunbar  of 


19-4 


-  5  *  10*.  XIm  90od  Mgr—mtit  b*tvft«n 
tlM  distributions  for  thsss  con¬ 
ditions#  svidsnt  in  Tig.  7«  css  bo  soon 
ss  confisMStion  of  tho  doninsnt  chsrsctor 
of  tho  initisl  nonostun  thicksoss  but  siso 
ss  proof  for  tho  vslidity  of  tho  prosont 
spproseh  to  sinulstln«  tho  full-scslo  flow 
dovolnpnsnt  in  tho  prosonco  of  shock-in- 
ducod  sopsrstioa. 

CLAMGAL  SBPARATIOK  AND  TRAIUNO  EDGE 

now 

Conaidoring  cisssicsl  sopsrstion.  Induced 
by  auatsinod  sdvorao  proasuro  grsdionta« 
ono  can,  within  tho  eontoxt  of  viscous 
aiaulstion,  identify  two  critical  loca¬ 
tions:  tho  loadino  odgo^  ^oro  tho 
natural  stato  of  tho  boundary  layer  nay, 
ovon  at  full-scalo  conditions,  bo  laninar 
and  tho  trailing  odgo  region,  whore,  for 
all  practical  situations,  a  turbulent 
boundary  layer  prevails.  Treating  turbu¬ 
lent  boundary  layer  separation  -  we  shall 
restrict  ourselves  hero  to  that  stato  of 
the  boundary  layer  -  one  could  proceed 
ainilar  to  tho  troatnont  of  shock  boundary 
layer  interaction,  identifying  some  domi¬ 
nant  viscous  parameter,  say,  at  the  loca¬ 
tion  of  the  onset  of  the  rear  adverse 
proasuro  gradient,  whose  full-scale  value 
must  be  duplicated  in  the  low  Reynolds 
number  wind  tunnel  test.  Tho  Research 
Conadttee  felt,  however,  that  it  is,  in 
tho  case  of  classical  separation,  not 
necessary  to  rely  on  siiiq;»le  separation 
criteria  •  although  helpful  in  identifying 
dominant  viscous  parameters  -  but  employ 
CoBiputational  Fluid  Dynamics  (CFD)  to 
determine  the  boundary  layer  development 
leading  to  separation,  starting  with  some 
initial  condition  given,  for  instance, 
downstream  of  the  shock  boundary  layer 
interaction  region. 

Applying  CFD  to  determine  the  separation 
location,  one  must  use  certain  indicators 
-  "zero"  skin  friction  would  be  the 
natural  one  but  it  is  frequently  not 
available  and  difficult  to  measure  -  that 
identify  the  location  of  separation  on  the 
aerodynamic  surface  considered.  As  an 
(alternative)  indicator,  one  may,  for 
Instance,  use  a  shape  factor  correlation 
such  as  the  one  depicted  in  Figure  6  where 
the  shape  parameter  of  the  boundary  layer 
is  plotted  in  the  form  (R-l)/R  as  function 
of  the  ratio  of  the  displacement  thickness 
to  the  boundary  layer  thickness  {7J  (8). 
The  two  curves  in  the  figure  represent  the 
relation  between  these  viscous  parameters 
for  Coles'  wall-wake  description  of  the 
turbulent  boundary  layer  profile,  denoted 
W-H,  and  the  Sandbom-Kline  correlation 
for  Incipient  "detachment",  denoted  I-D. 
The  wall-wake  correlation  gives  sepa¬ 
ration,  i.e.,  Cf  s  0,  at  A  =  0.5  and  a 
shape  factor  of  H  »  4,  which  is  the  value 
for  equilibrium  flow.  The  Sandborn-Kline 
correlation  intersects  the  wall-wake  curve 
in  a  region  where  the  experimentally 
observed  separation  points  are  centered; 
the  experimental  data  points  show,  howev¬ 
er,  a  large  amount  of  scatter  around  the 
intersection,  with  shape  parameters  rang¬ 


ing  from  H  s  2.2  to  values  above  three. 
Assuming  that  the  data  scatter  is  not  only 
due  to  experimental  inaccuracies,  one  may 
conclude  that  the  Sandbom-Kline  corre¬ 
lation  is  not  sufficient  for  the  predic* 
tion  of  the  boundary  layer  condition  at 
separation  for  viscous  simulation  pur¬ 
poses.  This  is  mainly  due  to  the  fact  that 
this  correlation  -  as  do  many  others  - 
draws  too  heavily  on  equilibrium  flows  and 
its  related  wall-wake  velocity  deecrip- 
tion.  In  order  to  make  further  progress, 
the  departure  of  the  boxmdary  layer  from 
equilibrium  as  it  occurs,  for  instance, 
in  strong  adverse  pressure  gradients  must 
be  accounted  for. 

A  promising  step  in  this  direction  has 
been  undertaken  by  Cross  in  revising 
Coles'  law  of  the  wall-wake  to  cope  with 
the  departure  from  equilibrium  [9]. 
First,  it  was  found  to  be  necessary  to 
reappraise  the  way,  pressure  gradient  was 
included  in  the  wall-wake  description. 
Bere,  it  was  suggested  by  Coleman  {10]  to 
make  the  wake  exponent  x  in  the  expression 
for  the  velocity  profile  u/U^  a  variable. 
Cross  showed  subsequently  that  x  could  be 
related  to  the  departure  from  equilibrium 
flow  conditions  by  considering  the  dif¬ 
ference  between  the  streamwise  pressure 
gradient  parameter  (Q/Ug)  (dUg/dx)  of  the 
actual  flow  and  the  equivalent  equilibrium 
flow,  denoted  (9)  .  This  relation  is 
shown  in  the  inset  to  Figure  9.  One 
observes  that  for  equilibrium  flow,  i.e., 
ir  “  0,  the  Coles  value  of  the  wake  expo¬ 
nent,  X  »  2,  is  obtained,  while  for  a 
departure  from  equilibrium  a  strong  devi¬ 
ation  from  this  value  is  indicated.  Mote, 
that  this  relation  also  holds  for  three- 
dimensional  flows . 

At  separation  the  law  of  the  wall  vanishes 
-  together  with  the  Reynolds  number 
dependence  -  and  the  value  of  the  shape 
parameter  is  determined  solely  by  the 
degree  of  non-equilibrium  flow  distortion 
represented  by  the  wake  exponent.  The 
relation  between  the  shape  parameter  and 
the  wake  exponent  at  separation  is  shown 
in  the  main  part  of  Fig.  9.:  For  equi¬ 
librium  flow,  sy  =  0  X  =  2,  the  shape 
parameter  at  separation  corresponds,  as 
already  seen,  to  the  Coles  value  R  =  4, 
while  H  at  separation  is  reduced  signif¬ 
icantly  as  the  relative  pressure  gradient 
parameter,  is  decreased.  This  is  in 
agreement  with  experimental  obs^^rvations 
and  may  explain  the  apparent  scatter  of 
the  results  in  the  previous  figure. 

Unfortunately,  not  many  results  detailed 
enough  to  asses.,  the  quality  of  the  pres¬ 
ent  ^^proach  -  here,  most  of  all,  esq^r- 
imental  velocity  profiles  for  comparison 
with  the  correQ>onding  wall-wake  profiles 
are  needed  -  are  available.  Cross  applied, 
therefore,  boundary  layer  calculations, 
employing  an  entrainment  integral  method 
in  conjunction  with  the  boundary  layer 
profiles  described  by  his  revised  version 
of  the  wall-wake  law  to  shock  boundary 
layer  interaction  considering  the  shock 
simply  as  a  very  strong  adverse  pressure 
gradient  [9].  Figure  10  shows  as  an 
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•xaapla  of  tlaoM  ealculationa  tho  distrl- 
butioa  of  tba  aMn  frletloo  coafflclant 
togathar  with  tha  praaaura  diatributlon 
(li]  uaad  aa  input  to  tho  boundary  layar 
calculationa .  Ona  obaatvaa  froa  tha  coa- 
pariooD  with  ei^ariaant  that  tho  coavutad 
raapenaa  of  tha  boundary  layar  to  tha 
ahock  ia  corroctly  prodictad  no  that  ona 
can  aapact  tha  aaparatioa  corralation  of 
riq.  9  to  ba  valid,  avon  for  rathar  atrong 
advaraa  praaaura  gradiont  flowa.  Bowavor, 
■uch  aora  datailad  axporiaanta,  including 
velocity  profile  aaaauraaanta,  are  naaded 
for  the  final  validation  of  tha  approach 
to  aaparation  prediction  juat  doacribad. 

VORin  FLOW 

Conaidaring  vortax  flow.  Dr.  Kraft  of  the 
Roaaarch  Conalttaa  concludod  in  hia  review 
that,  in  tha  largo,  raaearch  haa  not  bean 
parfonud  to  addraaa  the  iaauaa  of  aub- 
Bcala  aiaulation  of  vortical  flowa  ao  that 
tha  Boat  praaaing  need  la  bare  a  ayatam- 
atlc  acaling  law  analyaaa  to  bo  parfonnd 
for  tha  vortical  flowa  of  intaraat.  Still, 
ona  Bay  argua  that  for  tha  correct  ainu- 
latlon  of  tha  vortical  flow  davelopBont, 
it  aaena,  flrat  of  all,  laportant  to 
duplicate  tha  full-acala  aaparation  line 
and  avoid  tha  aacondary  aaparation  if  it 
la  not  praaant  at  full-acala  conditlona. 
Thla  ia  likely  to  anaura,  at  laaat,  tha 
corract  vortax  trajactory.  Concerning 
aaparation  llnaa,  guldanca  an  to  critical 
vlacoUB  paranatara  Bay,  of  couraa,  ba 
obtained  froa  tha  dlacuaalon  of  ahock 
boundary  layar  interaction  and  claaaical 
aaparation.  Tha  proper  type  of  tha  bound¬ 
ary  layar  at  aaparation,  l.a.,  laslnar, 
tranaltlonal  or  turbulent,  must,  of 
couraa,  alao  ba  anaurad. 

Conaidaring  the  different  typea  of  vorti¬ 
cal  flowa  listed  in  fig.  3,  one  can  sepa¬ 
rate  theae  flows  into  tha  ones  sensitive 
to  viscous  changes,  i.e.,  Reynolds  nuaiber, 
and  insanaitlves  To  the  first  category 
belong  vortices  off  bodies  end  round 
leading  edge  wings,  to  the  second  category 
vortices  off  sharp  leading  edge  wings  and 
vortex  breakdown  and  shock/vortex  inter¬ 
action;  for  the  latter  viscous  siBUlation 
is  not  a  najor  issue.  Exasplas  for  the  two 
categories  are  presented  in  Figure  11, 
where  the  angle  of  straaBwlse  Incidence 
for  the  focBStlon  of  spiral  vortices  is 
shown  as  dependent  on  sweep,  wing  thick¬ 
ness,  i.e.,  essentially  leading  edge 
radius,  and  Reynolds  nuBber  |12).  One 
observes  that,  for  a  given  sweep  angle,  a 
spiral  vortex  develops  off  the  sharp 
leading  edge  wing  at  very  low  incldencea 
and  that  tha  onset  of  vortex  foraatlon  la 
coBpletely  independent  of  Reynolds  nuhbar. 
For  the  round  leading  edge  wing,  a  strong 
Reynolds  nuaber  dependence  of  tha  onset 
of  vortex  fomatlon  exists,  which  aeans 
that  here  is  a  need  for  viscous  sisu- 
latlon. 

Another  type  of  vortical  flow  davelopamnt, 
essentially  Inviscid  in  nature,  is,  aa 
aentlonad  above,  shock  vortex  Interaction. 
This  la  dSBonstrated  in  Figure  12  where 


the  breakdown  Halt  for  shoclc/vortex 
interaction  is  deleted  as  function  of  tha 
initial  rata  of  swirl,  l.a.,  tha  ratio  of 
the  Baxinua  tangential  velocity  to  the 
axial  velocity  upatreaa  of  the  shock, 
defined  in  the  left-hand  part  of  the  fig¬ 
ure,  and  tha  (unifora)  shock  upatreaa  Mach 
nuaber  representing  tha  pressure  juap 
across  the  shock  [13].  The  liaiting  curve 
indicates  that  tha  initial  rata  of  swirl 
has  to  be  decreased  with  increasing  shock 
strength  if  vortax  breakdown  is  to  ba 
avoided.  Insensitivity  to  viscous  effects 
is  derived  froa  the  fact  that  there  is 
excellent  agraeawnt  between  the  exper- 
Inantal  results  shown  and  inviscid  calcu¬ 
lationa  based  on  a  nuanrlcal  solution  of 
the  Buler  aquations.  These  results  are 
supported  by  data  for  less  severs  sus¬ 
tained  adverse  pressure  gradients  tdiich 
have  shown  that  vortex  breakdown  is 
essentially  doBinated  by  geonetric  condi¬ 
tions  of  the  wing  and  the  external  pres¬ 
sure  gradient. 

BOUNDARY  LAYER  DEVELOPMENT  AND  MANIPD- 
LATION 

Regular  Boundary  Layer  Devalopsiant  and  Envlron- 
■ental  Etteeta 

Looking  at  the  boundary  layer  developnent 
-  the  laainar  development,  transition  and 
tha  turbulent  development  -  one  may  dis¬ 
tinguish  between  the  regular  or  classical 
development,  tha  evolution  of  tha  boundary 
layar  under  tbs  influence  of  the  wind 
tunnel  environment  and  the  developBant 
influenced  by  boundary  layer  manipulation. 
Concerning  the  classical  boundary  layer 
and  here  first  the  laminar  boundary  layer 
development,  it  was  judged  by  Or.  Michel 
of  the  Research  Committee  that  its  the¬ 
oretical  treatment  is  "well  in  hand”.  For 
equilibrium  turbulent  boundary  layara,  it 
was  indicated  by  the  same  source  that  the 
numerical  codes  available  today  are  able 
to  predict  the  boundary  layer  development, 
at  least  for  incompressible  flow,  up  to 
separation.  For  compressible  flowa,  tur¬ 
bulence  modelling  is,  for  certain  condi¬ 
tions  -  remeiaber  we  are  considering  equi¬ 
librium  boundary  layers  -  still  insuffi¬ 
cient.  These  conditions  include  the  pres¬ 
ence  of  wall  curvature  and  a  non-adiabatic 
wall  temperature  distribution. 

I  want  to  demonstrate  the  iisportance  of 
the  correct  assessment  of  non-adiabatic 
wall  conditions  by  considering  its  influ¬ 
ence  on  shock  boundary  layer  interaction. 
Figure  13.  It  should  be  noted  that  tha 
discussion  nay  also  be  taken  as  a  demon¬ 
stration  of  a  possible  boundary  layer 
manipulation  technique  but  also  as  a 
potential  unwanted  model  related  environ¬ 
mental  effect  in  the  caae  of  cryogenic 
wind  tunnel  tasting.  Tha  results  shown  in 
the  present  figure  ware  obalned  by  Inger, 
Lynch  and  Fanchar  [14]  eaploylng  a  Bodl- 
fied  version  of  Inger' a  ahock  boundary 
layer  interaction  solution  (15]  which 
operatea  with  four  ind^ondant  iivut  par- 
anatars  -  as  indicated  in  tha  figure  - 
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&Mi«Xy,  tha  shock  upatrsaa  Msch  number, 
the  local  Reynolds  number  based  on  dis¬ 
placement  thickness,  the  incos^resslble 
shape  factor  and  the  vail  to  boundary 
layer  edge  tesperature  ratio,  Ti^e* 
Depicted  are  the  upstream  azid  downstream 
chordvise  spread  of  the  shock  associated 
pressure  rise,  denoted  and  Lp,  respec¬ 
tively,  as  f\mctlon  of  the  wall  teiper- 
ature,  both  quantities  referenced  to  adi¬ 
abatic  conditions.  Considering  first  the 
pair  of  curves  restricted  to  the  lower 
part  of  the  right-hand  diagram,  denoted 
Hii  fixed,  one  observes  that  the  influence 
of  heat  transfer  on  shock  boundary  layer 
interaction  is  rather  small  if  heat 
transfer  occurs  only  "localixed”,  i.e., 
confined  to  the  interaction  region.  The 
curves  labelled  T^-effect,  i.e.,  vail 
temperature  effect,  on  included  rep¬ 
resent  a  condition  where  the  cximulative 
influence  of  a  non-adiabatic  wall  temper¬ 
ature  distribution  upstream  of  the  shock 
on  Ri^,  l-e.,  the  incompressible  shape 
factor  Immediately  upstream  of  the  shock, 
is  taken  into  account.  Here,  a  large 
dependence  of  the  chordwise  spread  of  the 
pressure  increase  due  to  the  shock  on  the 
deviation  from  adiabatic  wall  conditions 
is  evident.  This  shows  that  in  a  viscous 
simulation  process,  wall  cooling  is  a 
rather  powerful  tool  to  control  shock 
boundary  layer  interaction  and  that, 
accordingly,  an  accurate  prediction  of  the 
non-adiabatic  boudary  layer  development 
is  necessary.  The  results  confirm,  fur¬ 
thermore,  that  the  shape  factor  is  one 
of  the  dominant  viscous  parameters  in 
scaling  the  shock  related  upstream  influ¬ 
ence. 

Boundary  layer  transition  still  carries  a 
great  number  of  open  questions  and  much 
more  research  is  needed  in  the  experimen¬ 
tal  as  well  as  the  theoretical  domain.  Our 
knowledge  concerning,  for  instance,  the 
Influence  of  noise,  freestream  tur^lence 
and  surface  roughness  on  three-dimensional 
transition  -  as  it  occurs  on  a  swept  wing, 
say,  where  cross-flow  Instability  may  be 
dominant  -  is  totally  insufficient.  In 
briefly  touching  transition,  i  would  like 
to  consider,  therefore,  the  derivation  of 
a  criterion  for  three-dimensional  transi¬ 
tion  again  combining  a  demonstration  of, 
what  was  termed,  the  regular  boundary 
layer  development  with  the  one  affected 
by  “the  environment. 

In  their  -  actually  well  known  -  treatment 
of  cross-flow  instability,  Coustols  and 
Arnal  tried  to  take  adventage  of  results 
given  by  laminar  stability  theory  by 
applying  them  to  three-dimensional  bound¬ 
ary  layers  [16].  In  doing  so,  they  con¬ 
sider,  at  a  given  streanvise  location,  the 
stability  properties  of  different  velocity 
profiles,  which  are  projections  of  the 
actual  profile  into  various  directions  r, 
as  indicated  in  the  left-hand  part  of 
Figure  14,  starting  with  the  cross-flow 
profile  c  »  0.  Stability  calculations  for 
these  profiles  revealed  the  existence  of 
one  meet  unstable  direction,  here  desig- 
neted  as  cmin •  Based  on  these  consider¬ 


ations  and  the  various  -  but  few  -  exper¬ 
imental  data  available  for  swept  wings,  a 
cross-flow  instability  transition  crite¬ 
rion  was  established  relating,  as  shown 
in  the  right-hand  part  of  the  figure,  the 
Reynolds  number  baaed  on  the  displacement 
thickness,  formed  with  the  profile  in  the 
direction  e  =  >min  st  transition,  to  the 
streamwise  shape  factor  Hi  and  the  free¬ 
stream  turbulence  level  Tu.  One  observes 
that  the  present  approach  to  the  predic¬ 
tion  of  transition  due  to  cross-flow 
instability  provides  a  rather  good 
description  of  the  experimental  results. 
With  regard  to  the  transition  Reynolds 
number,  as  defined  here,  it  is  seen  that 
this  Reynolds  number  increases  -  at  the 
lower  turbulence  levels  very  rapidly  - 
with  increasing  shape  parameter  and  with 
decreasing  turbulence  level,  the  latter 
being  for  transition  due  to  longitudinal 
instability  a  well-documented  fact.  One 
of  the  particular  merits  of  the  effort 
conveyed  here,  is  ,  of  course,  the  qual¬ 
itative  assessment  of  the  influence  of  the 
wind  tunnel  environment  on  transition  due 
to  cross-flow  instaddility .  As  mentioned 
above,  much  more  research  is  required  in 
this  area. 

Using  the  criteria  for  the  various  possi¬ 
ble  modes  of  transition  as  outlined,  for 
instance,  by  Dr.  Michel  in  the  Research 
Committee  report,  i.e.,  criteria  for 
transition  due  to  leading  edge  contam¬ 
ination  and  stieamviee  and  cross-flow 
instability,  a  parametric  study  was  car¬ 
ried  out  by  ONERA/CERT  in  order  to  show 
the  combined  effect  of  pressure  gradient, 
sweep  angle  and  Reynolds  number  on  tran¬ 
sition  (17].  A  representative  result  Is 
shown  in  Figure  IS  based  on  the  pressure 
distribution  depicted  In  the  upper  right- 
hand  corner  of  the  figure  for  the  angle 
of  incidence  of  a  «  1^.  One  observes  that 
transition  due  to  longitudinal  insted^ility 
progresses  only  slowly  upstream  with 
increasing  Reynolds  number.  Once  cross- 
flow  instability  commences  to  dominate  the 
flow  development,  a  very  rapid  upstream 
movement  of  the  transition  point  takes 
place  with  Reynolds  number  which  is  due 
to  the  strong  negative  pressure  gradients 
attendant  over  the  initial  40  percent  of 
the  chord.  At  the  upper  end  of  the  Rey¬ 
nolds  number  remge  considered,  leading 
edge  contamination  results  in  the  boundary 
layer  being  completely  turbulent  over  all 
of  the  wing.  Note,  that  the  pace  of  the 
transition  point  movement  is  rather 
strongly  affected  by  the  sweep  angle. 

Boundary  Layer  Manipulation 

Concerning  boundary  layer  manipulation, 
already  briefly  addressed  in  the  preceding 
section,  one  may  distinguish  between 
manipulation  devices  that  promote  or  delay 
transition  in  a  desired  fashion  and 
devices  that  predominantly  affect  the 
development  of  the  turbulent  boxindary 
layer  -  these  devices  are,  of  course, 
sometimes  identical.  In  the  first  catego¬ 
ry,  boundary  layer  tripping  is  the  most 
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vidttly  applied  and  perhaps  easiest  bound* 
ary  layer  manipulation  technique  to  use, 
although  limited  in  its  range  of  applica* 
tlon  by  the  attendant  model  pressure  dis* 
trlbutlon.  A  frequent  question  associated 
with  boundary  layer  tripping  is  related 
to  the  boundary  layer  properties  do%m* 
stream  of  a  given  tripping  device  in  com¬ 
parison  to  the  properties  of  a  boundary 
layer  having  gone  through  natural  transi¬ 
tion,  especially  with  respect  to  the 
velocity  profile  and  the  turbulence 
structure.  Because  of  the  wide  utilization 
of  tripping  and  the  consequences  to  vis¬ 
cous  simulation,  should  strong  deviations 
in  the  subsequent  boundary  layer  develop¬ 
ment  from  a  naturally  transitioned  bound¬ 
ary  layer  occur,  I  want  to  address  this 
issue  here  as  the  only  further  one  con¬ 
cerning  manipulation. 

Figure  16  shows  the  measured  velocity 
distributions  in  the  boundary  layer  down¬ 
stream  of  a  tripping  device,  consisting 
of  0.015  inch  disks,  compared  with  the 
classical  law  of  the  wall  and  logarithmic 
velocity  profiles  for  a  turbulent  boundary 
layer.  The  data  were  obtained  at  AEDC  on 
a  7-degxee  cone  at  a  freeetreara  Mach  num¬ 
ber  of  =  0.60  {IB}.  It  is  seen  in 
Fig.  16a  that  immediately  behind  the  trip 
-  the  trip  was  located  at  16  inches  -  the 
velocity  profile  is  representative  of  a 
transitional  profile  following,  however, 
predominantly  a  laminar  characteristic. 
Further  downstream,  the  mean  velocity 
distribution  turns  into  a  fully  developed 
turbulent  profile,  as  indicated  in 
Fig.  16b. 

The  Reynolds  shear  stress  distribution  in 
the  fully  transitioned  boundary  layer 
doimstream  of  the  disk  trips  reflects 
correspondingly,  as  indicated  in  Figure 
17,  the  same  behavior  as  a  naturally 
transitioned  turbulent  boundary  layer,  the 
latter  marked  by  the  circles.  It  should 
be  noted  that  natural  transition  occurred 
here  between  18  and  20  inches  while  the. 
tripping  device,  as  mentioned  above,  was 
located  at  16  inches.  From  the  results 
depicted  in  Figs.  16  and  17  one  may  con¬ 
clude  that  distributed  three-dimensional 
tripping  elements,  such  as  the  disks  con¬ 
sidered,  produce,  at  least  in  the  absence 
of  pressure  gradients,  the  same  type  of 
boundary  layer  as  natural  transition. 
Investigations  like  the  present  one  are 
also  needed  for  realistic  configurations 
with  pressure  gradients. 

SUMBSARY  OF  FUTURE  RESEARCH  REQUIREMENTS 
AND  CONCLUSION 

In  the  preceding  section  only  a  very  few 
results  of  the  study  of  the  Research  Com¬ 
mittee  were  given  in  some  more  detail,  the 
purpose  of  it  having  been,  in  essence,  a 
demonstration  of  the  approach  the  Research 
Committee  has  taken  end  of  the  type  of 
results  to  be  expected  in  the  full  com¬ 
mittee  report.  In  concluding  I  went  to 
summarize  relevant  findings  of  the 
Research  Committee  piecing  emphasis  on 
research  most  urgently  needed  (also  see 
Figure  18). 
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Shock  boundary  layer  interaction:  Shock  bound¬ 
ary  layer  interaction,  one  of  the  most 
important  critical  flow  phenomena  in  the 
present  context,  comprises  three  main 
elements  whose  viscous  simulation  in  low 
Reynolds  number  wind  tunnel  teate  must  be 
ensured: 

*  The  upstream  influence,  which  rules 
the  interactive  pressure  gradient 
imposed  on  the  boundary  layer,  waa 
found  to  be  only  ^dependent  on  the 
viscous  parameter  62(%i*l)/  where  83^ 
and  are  the  displacement  thickness 
and  the  incompreasible  shape  factor, 
respectively,  immediately  upstream  of 
the  shock, 

*  incipient  separation,  found  to  be 
rather  ineeneitlve  to  viscous  effects, 
hence  not  problematic  to  viscous  sim¬ 
ulation,  and 

*  the  develo^ent  of  the  shock-induced 
separation  bubble  with  increasing 
shock-upstream  Mach  number  (shock 
strength),  found  to  be  mainly  depend¬ 
ent  on  the  momentum  thickness  imme¬ 
diately  upstream  of  the  shock. 

The  full-scale  values  of  the  viscous  par¬ 
ameters  indicated  above  must  be  duplicated 
in  the  low  Reynolds  number  wind  tunnel 

tests  for  the  correct  simulation  of  full- 
scale  shock  boundary  layer  Interaction. 
There  remain,  however,  within  the  present 
context,  several  unresolved  issues  which 
require  further  experimental  and  theore¬ 
tical  research  effort: 

*  The  results,  summarized  above,  are 
partly  based  on  a  rather  limited  num¬ 
ber  of  experiments  so  that,  especially 
in  three-dimensional  flow,  well  de¬ 
signed  experiments  must  be  carried  out 
on  realistic  configurations  to  confirm 
the  dominance  of  the  viscous  parame¬ 
ters  identified  above. 

*  Although  there  is  some  positive  evi¬ 
dence,  it  must  be  conclucively  deter¬ 
mined  how  closely  the  boundary  layer 
parameters  at  the  downstream  face  of 
the  shock  boundary  layer  interaction 
region  (e.g.,  8*,  0,  H)  correspond  to 
the  ones  for  the  (higher)  Reynolds 
number  to  be  simulated. 

*  Partly  as  a  consequence  thereof,  one 
must  investigate  whether  the  simu¬ 
lation  of  the  high  Reynolds  number 
trailing  edge  flow  behavior  is  ensured 
-  or  what  degree  of  approximation  can 
be  achieved  -  if  the  shock  boundary 
layer  interaction  is  aimulatad  cor¬ 
rectly.  Proper  simulation  of  the 
trailing  edge  flow  conditions  is,  of 
course,  required  to  obtain  in  airfoil 
or  wing  flow  the  correct  full-scale 
shock  location  and  atrangth. 

There  are  some  more  -  but  not  ae  prasaing 
-  open  iaauea  related  to  shock  boundary 
layer  interaction,  such  aa.  for  Instance, 
the  effect  of  turbulence  amplification  and 
generation  du#  to  the  interaction  on 
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trailing  edga  flow,  for  dotaila  of  which 
tha  raadar  is  rafsrred  to  the  committee 
report.  (This  holds,  naturally,  for  all 
topics  considered  in  this  section.) 

Classical  separation  and  traiUn;  edffa  flow:  It  was 
indicated  above  that,  concerning  classical 
separation  within  the  present  context,  two 
critical  locations  where  such  separations 
may  occur  could  be  identified:  the  leading 
edge  region  where  the  incM&ing  boundary 
layer  may  be  laminar  and  the  trailing  edge 
region  where,  for  all  practical  applica¬ 
tions,  a  turbulent  boundary  layer  pre¬ 
vails.  Laminar  separation  bubbles  with 
transition  within  the  separated  region, 
likely  -  but  not  exclusively  -  to  be  pre¬ 
sent  in  low  Reynolds  number  wind  tunnel 
tests  for  peaky-type  pressure  distribu¬ 
tions,  may  have  a  large  effect  on  the 
turbulence  structure  at  and  downstream  of 
reattachment,  hence  on  the  subsequent 
turbulent  boundary  layer  development. 
Adequate  turbulence  models  in  a  suffi¬ 
ciently  general  form  still  have  to  be 
developed  for  this  type  of  flow  and  suit¬ 
able  experiments  must  be  devised  to 
achieve  this  goal. 

The  parameters  governing  classical  turbu¬ 
lent  boundary  layer  separation  are  the 
shape  factor  H  and  the  relative  pressure 
gradient  parameter  the  latter 

accounting  for  the  degree  of  deviation  of 
the  boundary  layer  profile  development 
from  equilibrium  conditions.  Here,  most 
of  all,  a  further  improvement  of  theore¬ 
tical  methods  for  the  prediction  of  the 
two-  and  three-dimensional  boundary  layer 
development  leading  to  separation  is 
needed  together  with  the  establishment  of 
accurate  shape  parameter  correlations, 
especially  for  three-dimensional  flows. 
Generally,  it  was  concluded  that 

•  an  improvement  of  turbulence  modeling 
is  required  for  all  situations  where 
a  strong  interaction  between  the  outer 
inviscid  flow  and  the  boundary  layer 
occurs  and  that 

•  theoretical  methods  are  increasingly 
becoming  available  which,  though  ini¬ 
tially  developed  largely  from  the 
consideration  of  simpler  flows,  aim 
to  treat  very  complex  flows  involving 
separation,  large  normal  pressure 
gradients  and  shock  waves.  These 
methods  require  for  validation  and 
improvement  thorough  experiments 
which  provide  a  full  description  of 
the  Incoming  boundary  layer  giving  all 
relevant  flow  parameters  and  boundary 
conditions,  such  as  skin  friction, 
velocity  profiles,  pressure  gradient 
parameter,  skin  friction  lines  in 
three-dimensional  flow  end  so  on. 

The  simulation  of  the  trailing  edge  flow 
development  -  attached  or  separated  -  on 
the  upper  and  lower  surfacee  of  an  airfoil 
or  wing  ehould  be  such  that  the  correct 
circulation  is  obtained.  XBg>ortant  para¬ 
meters  to  be  considered  here  are  the 
momentum  lose,  the  dleplecement  thic)mess, 


the  shape  factor  and  the  turbulence 
structure.  How  closely  these  parameters 
must  be  duplicated  to  simulate  full-scale 
flow  -  or  whether  it  is  sufficient  to  just 
avoid  separation,  should  it  not  occur  at 
full-scale  conditions  -  is  not  kno%m  and 
requlree  additional  experimental  and  the¬ 
oretical  studies  (also  see  the  simulation 
of  shock  bovmdary  layer  interaction). 

Vortex  flow:  For  the  correct  simulation  of 
the  vortical  flow  development  it  seems, 
first  of  all.  Important  to  duplicate  the 
full-scale  primary  separation  line.  Here, 
guidance  concerning  critical  viscous  par¬ 
ameters  may  be  obtained  from  the  discus¬ 
sion  of  shock  boundary  layer  interaction 
and  claaaical  separation.  The  proper  type 
of  boundary  layer  at  separation,  i.e., 
laminar,  transitional  or  turbulent,  must, 
furthermore,  be  ensured.  Basically,  it  was 
found  in  the  review  of  the  present  sub¬ 
ject,  however,  that,  in  the  large, 
research  has  not  been  performed  to  address 
the  issues  of  subscale  simulation  of  vor¬ 
tical  flows.  To  alleviate  this  deficiency, 
the  following  research  is  needed: 

•  A  systematic  scaling  law  analysis  must 
be  performed  on  vortical  flows  of 
interest.  Appropriate  length  scales 
and  physical  phenomena  must  be  iden¬ 
tified  as  a  guide  to  proper  subscale 
simulation.  The  scaling  laws  deter¬ 
mined  must  be  evaluated  against  the 
full-scale  flow  development. 

•  Systematic  studies  of  the  influence 
of  boundary  layer  tripping  on  vortex 
separation  are  needed.  Specific 
objectives  are  to  determine  the 
influence  of  the  state  and  condition 
of  the  incoming  boundary  layer,  as 
altered  by  tripping  and  tripping 
techniques,  on  symmetrical  and  asym¬ 
metrical  vortex  shedding  on  forebod- 
les,  reattachment  and  secondary  vortex 
formation  on  sharp  leading  edge  wings, 
shock-induced  vortices  on  sharp  edged 
wings  with  supersonic  leading  edges 
and  primary  vortex  separation  on  round 
leading  edge  wings. 

•  Vortex  breakdown  was  found  to  be  dom¬ 
inated  mainly  by  geometric  conditions 
on  the  wing  and  the  external  pressure 
gradient.  Here,  one  last  conclusive 
experiment  needs  to  be  performed  to 
confirm  the  independence  of  vortex 
breakdown  (and  similarly  shock/vortex 
interaction)  on  Reynolds  nximber. 

It  is  strongly  urged  that  in  all  exper¬ 
imental  research,  oody  surface  pressures, 
surface  skin  friction  lines,  surface 
streamline  visualization,  vortex  trajec¬ 
tory  visualization  and  vortex  core  veloc¬ 
ities  be  obtained.  These  multiple  pieces 
of  information  are  necessary  to  understand 
the  detailed  behavior  of  the  flow.  It  is 
also  rscofURsnded  that  -  as  in  the  csss  of 
all  critical  flow  phsnomsna  -  CFD  ba  used 
to  gain  further  understanding  of  vortical 
flow  features. 
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BMmdar^  lajwr  dwtlapunt,  mvixtumat  and 
■utpulatloa:  Conc«niln0  th*  lasiiuir  boun¬ 
dary  layar  davalopaant,  it  ia  raaaonabla 
to  atata  that  ita  thaoratlcal  traataant 
for  ifaak  intaractlona  with  tha  outar  flow 
fiald  !■«  for  all  ralavant  configurations, 
"wall  in  hand*.  For  classical  aquilibriua 
turbulant  boundary  layars,  it  is  rsaaon- 
abla  to  assuaa  that  tha  nuaarical  codas 
avallabla  today  ara  abla  to  pradict  tha 
boundary  layar  davalopaant,  at  laast  for 
inconprassibla  flow,  up  to  saparation.  For 
cosgtrasaibla  boundary  layars,  turbulanca 
aodalling  is,  for  cartain  conditions, 
still  insufficiantt  Mora  systamatic 
axpariaantal  thaoratical  studias  must 
ba  conduetad  in  ordar  to  obtain  fundaraan- 
tal  data  on  tha  structura  of  turbulanca, 
aspacially  at  non-adiabatic  wall  condi¬ 
tions  and  in  tha  prasanca  of  straamwiaa 
wall  curvatura.  Also  much  naadad  is  fun- 
damantal  rasaarch  on  turbulant  boundary 
layars  at  high  Raynolds  nximbars  for  which 
cryoganic  wind  tunnala  now  provida  an 
axcallant  tool. 

Boundary  layar  transition  still  carrias  a 
graat  numbar  of  opan  quastions  and 
rasaarch  is  naadad  in  tha  axpariaantal  as 
wall  as  tha  thaoratical  domain.  Naads  for 
axparimantal  studies  ara  particularly 
pressing  in  thraa-dimansional  flow: 

*  Transition  criteria  have  been  estab¬ 
lished  based  on  but  a  few  axparimantal 
data.  These  criteria  must  ba  verified 
in  axparimants  where  tha  main  influ¬ 
ence  parameters  ara  systematically 
varied. 

*  Knowledge  concerning  tha  influence  of 
noise,  fraastraam  turbulanca  and  sur¬ 
face  roughness  on  thraa-dimansional 
transition  is  totally  insufficient. 

*  Transition  criteria  must  ba  astab- 
lishad  for  realistic  transonic  con¬ 
figurations  where  pressure  gradients 
play  an  essential  role.  Here,  research 
is  especially  needed  on  tha  affect  of 
wall  temperature  on  transition  since 
tha  influence  of  wall  temperature  is 
highly  dependent  on  the  attendant 
pressure  gradients. 

Concerning  (stability)  theory,  it  is 
Judged  that  tha  amplification  method  (e*^) 
is  the  most  promising  approach  to  transi¬ 
tion  prediction  in  the  present  domain  of 
interest,  provided  all  affective  parame¬ 
ters  -  such  as  freestream  turbulanca  and 
noise  -  are  properly  accounted  for. 

Xt  was  fo\ind  that,  although  a  wide  body 
of  information  is  available  in  cartain 
areas,  environmental  effects  have  gener¬ 
ally  not  been  studied  in  a  systamatic  and 
well  organised  manner.  Major  dsficlancias 
in  that  regard,  hence  research  naads,  ara 
especially  seen  in  the  following  areas: 

*  The  influence  of  external  turbulence 
on  characteristics  of  the  turbulant 
boundary  layer  has  mainly  bean  studied 
for  sero-pressure  gradient  flows; 


flows  with  non-sero-prassure  gradi¬ 
ents  still  require  more  detailed 
experimental  and  theoretical  atten¬ 
tion,  especially  with  regard  to  tha 
relation  between  pressure  gradient  and 
tha  mixing  length  of  the  external  flow 
and  its  influence  on  the  character¬ 
istics  of  the  turbulent  boundary  lay¬ 
er.  Also  needed  ara  more  detailed 
studias  of  tha  affect  of  turbulanca 
scale  on  the  boundary  layer  develop¬ 
ment. 

•  Tha  affect  of  external  turbulanca  on 
certain  flow  phenomena,  such  as,  for 
instance,  shock  boundary  layar  inter¬ 
action  and  trailing  edge  saparation, 
has  not  bean  sufficiently  investi¬ 
gated.  Thera  is,  however,  soma  evi¬ 
dence  that  fairly  high  turbulanca 
levels,  usually  not  found  in  contem¬ 
porary  wind  tunnels,  seem  to  ba  naadad 
before  any  affect  on  such  flow  phe¬ 
nomena  is  felt. 

•  Tha  information  on  tha  influence  of 
wind  tiuinal  acoustical  disturbances 
is  not  wall  defined  beyond  tha  cut-off 
turbulanca  intensity  of  0.3  %,  yet  tha 
noise  spectrum  characteristics  ara 
critical  for  tha  transition  location. 
Hare,  wall  designed  axparimants  where 
tha  influence  of  the  various  disturb¬ 
ance  sources  can  be  separated  are 
required. 

tn  ordar  to  batter  understand  tha  way 
cartain  environmental  disturbances  act  on 
tha  boundary  layar  characteristics 
(receptivity),  improved  thaoratical  meth¬ 
ods  must  be  devised. 

It  is  obvious  that,  left  to  its  own 
development,  tha  boundary  layar  on  a  model 
in  subscals  simulation  may  have  little 
resemblance,  in  general,  to  tha  boundary 
layer  on  the  full-scale  vehicle.  Conse¬ 
quently  it  is  inevitable  that  some  sort 
of  boundary  layer  manipulation  will  have 
to  ba  performed.  For  the  simulation  proc¬ 
ess  it  is  most  important,  of  course,  that 
tha  viscous  parameter  a  that  must  ba  con¬ 
trolled  on  the  modal  are  known  for  each 
fundamental  test  requirement.  Boimdary 
layer  manipulation  techniques  must  than 
be  developed  that  produce  tha  desired 

control  of  the  relevant  parameters;  pri¬ 
mary  "manipulators"  are  hare  boundary 
layer  tripping,  botuxlary  layer  suction  and 
surface  cooling.  Rasaarch  must,  most  of 
all,  be  performed 

•  to  explore  the  effectiveness  of  boun¬ 
dary  layer  manipulation  devices  for 
families  of  favorable  and  adverse 
pressure  gradients  and  to  develop 
correlations  that  define  the  boundary 
layer  parameters,  such  as  B^,  t*/c, 
e/c,  that  will  occur  downstream  of  a 
specific  manipulation  device,  and, 
furthermore, 

•  to  determine  the  flow  structure  In  a 
transitioned  boundary  layer  down¬ 
stream  of  a  cross-flow  Instability  or 
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iMdlng  •dga  eont«alnatlon  Inducad 
transition  In  ordar  to  ovaluata  tha 
adaquacy  of  convantlonal  tripping  In 
alnulatlng  othar  than  atraanwlse 
Inatablllty  transition. 

Finally.  non-lntruslva  boundary  layer 
■aaauranant  tachnlquas  nust  ba  Improved 
and  davalopad  to  the  point  of  practical 
application  since  the  identification  of 
the  transition  location  and  the  detemi- 
natlon  of  the  eagnltuda  of  dominant  vis¬ 
cous  parameters  is  an  integral  part  of 
boundary  layer  manipulation.  In  addition, 
the  use  of  CFD  to  infer  viscous  parameters 
that  cannot  be  easily  measured  should  be 
eaplorad . 
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chanqe  in  Reynolds  number  and 
transition  location.  Ref.  |l) 


J 

■) 

jO^ 

sy  ^ 

a  / 

SHOCK-UPSTPEAM  MACH  NUMBER 


IroMuffOM  orseaeiwca/l 
l.(SfNNrn»ica  floor  toears} 


Fiqure  2 :  Effect  of  shock  and  rear 

adverse  pressure  gradients  on 
differences  in  the  initial 
displacement  thickness.  Ref. 
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Figure  3:  Critical  flow  phenomena 
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Figure  4:  Definition  of  main  features 
of  shock  boundary  layer 
interaction 
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Figure  Sj  Effect  of  shock  -  upstreem 
Mech  number  and  initial  boun¬ 
dary  layer  condition  on  the 
extent  of  the  shock-induced 
separation  bubble.  Ref.  (i) 
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Figure  7:  Independent  simulation  of 

full-scale  pressure  distribu¬ 
tions  for  a  three-dimensional 
wing  at  11,-0.780  and  c,=0.70. 
Ref.  16] 
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Figure  6i  Correlation  of  the  extent  of 
the  shock-induced  separation 
bubble.  Ref.  [ij 
Note:  Symbols  denote  condi¬ 
tions  as  in  Fig.  5 


Figure  8:  Shape  factor  correlation  for 

"classical"  separation.  Ref 
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Fiaur*  13!  Effect  of  nojj-«di»l!«tle  wail  Flyura  14r  Cro»»-flow  tranaltlon  erlta- 
conditions  on  shock  boundary  rlon  according  to  Couatois  and 

layar  interaction.  Ref.  (14)  Amal,  Raf.  (16) 


Figure  IS;  Application  of  transition 
criteria  to  an  infinitely 
swept  wing  upper  surface 
pressure  distribution.  Ref. 
(17) 
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Figur*  16:  Velocity  profile*  downstream 
of  s  0.015-inch  disk  tripping 
device  at  ll*=0.60.  Ref.  [181 


NOTE:  St0  Eig.4,tt^ 


NOTE:  Nat. trofaibon  occur boiwmn 
f9  one  iS  tneftoMi  tnp  tror  (ocatod 
at  iSfnctas 


Plgur*  17:  ShMr  strasa  diatribution 
through  tha  boundary  layar 
downatraaai  of  a  O.OlS-lneh 
diak  tripping  davica  at 
<l«“0.60,  Raf.  (18) 


»j  »  35  inchti 


19-16 


FLOW  PHENOMEHON 

DOMINANT 

PARAMETERS 

NEEDED  FUTURE  RESEARCH 

SBLl'*’ 

-  Upstream  Influ*- 
ence 

~  Incipient  sepa¬ 
ration 

-  Separation 
bubble 

t«J/c) (Hii-l| 

Hil.  Ml 

01,  Ml 

-  Verification  of  dominant  parameters  especially 
in  3-D  flows 

-  Boundary  layer  parameters  downstream  of  SBLI 
region  in  relation  to  full-scale  flow 

-  Is  additional  manipulation  of  trailing  edge 
flow  required? 

-  Importance  of  turbulence  generation/amplifica¬ 
tion  to  trailing  edge  flow 

-  latprove  theory 

CLASSICAL  SEPARA¬ 
TION/TRAILING  EDGE 
FLOW 

(also  see  non* 
equilibrium  bound¬ 
ary  layers) 

Hi,  Sr 

6*.  e 

-  Improvement  of  theoretical  methods  to  account 
for  non-equilibrium  effects  in  2-D/3-D  flows. 
Establish  shape  factor/pressure  gradient  para¬ 
meter  correlation  for  3-D  flows 

-  Improve  turbulence  modelling  for  flows  with 
transition  occurring  in  laminar  separation 
bubbles 

-  Improve  turbulence  modelling  for  strong 
viscous/ Inviscid  Interactions 

VORTEX  FLOW 

For  primary  sepa* 
ration  line  see 
SBLI  and  CLASSI¬ 
CAL  SEPARATION 

-  Conduct  scaling  law  analysis  for  vortical 
flows.  Identify  appropriate  length  scales 

-  Determine  the  effect  of  tripping  (state  and 
condition  of  incoming  k>oundary  layer)  on 
vortical  flows  of  interest 

BOUNDARY  LAYER 
DEVELOPMENT 

-  Equilibrium 
turbulent 
boundary  layer 

-  Transition 
(also  see  en¬ 
vironment) 

-  Non-equilibrium 
boundary  layers 
(also  see  clas¬ 
sical  separa¬ 
tion) 

-  Turbulence  modelling  in  the  presence  of 

T|^/Tw^  #  1  and  curvature 

-  Fundamental  research  at  high  Reynolds  numbers 

-  Verify  transition  criteria 

-  Influence  of  noise r  turbulence  and  surface 
roughness  on  3-D  transition 

-  Establish  transition  criteria  for  realistic 

transonic  configurations.  Effect  of  Tw/Tw»rk 
for  dp/dx  ^0  ^ 

-  Provide  experiments  with  a  complete  descrip¬ 
tion  of  the  incoming  boundary  layer  (velocity 
profiles,  wall  shear  stress,  etc.) 

ENVIRONMENT 
(also  see  transi¬ 
tion) 

-  Influence  of  external  turbulence  on  turbulent 
boundary  layer  for  dp/dx  ^  0 

-  Effect  of  turbulence  scale  on  turbulent 
boundary  layer  development 

-  Effect  of  turbulence  on  certain  flow  phenomena 
(SBLI,  classical  separation) 

-  Influence  of  noise  on  transition  at  Tu  >  0.3  % 

-  Improve  develop/theory 

MANIPULATION 

-  Effectiveness  of  boundary  layer  manipulation 
devices  for  dp/dx  ^  0.  Define  boundary  layer 
parameters  (Hj^,  6*,  6,  turbulence  structure) 
downstream  of  specific  manipulation  devices 

-  Boundary  layer  structure  downstream  of  cross- 
flow  instability  transition  in  comparison  to 
tripped  boundary  layer 

-  Improve  non-intrusive  boundary  layer  measure¬ 
ment  techniques 

-  General:  Find  an  inexpensive  device  that  is 
easy  to  install,  remotely  controllable,  does 
not  disturb  the  flow  and  also  measures  the 
boundary  layer  condition  upstream  of 
"critical"  flow  phenomeia 

SBLI  H  Shock  boundary  layer  interaction, 

6*,  0,  B  Dlaplacenent  thickneas,  monentun  thickness, 
incompressible  shape  factor. 

Sf  £  Relative  pressure  gradient  parameter  (see  Fig.  9) . 

Ty  £  Wall  temperature. 

Subscripts:  1  =  upstream  of  shock  AO  £  Adiabatic  wall  conditions 


Figure  18:  Summary  of  results  and 


research  requirements. 


cm  uiKLDs  raon  Emcrs  and  simdlatiqm 


2D>1 


Import  of  tho  loTlow  CoMlttoo 
of 

Afi&tt  Workios  Group  09 

Hind  Tuanol  Bouadorp  L«por  Slaulotlon  and  Control" 

ky 

A.  Bloonnnr 

Motimnl  Aoroopoco  Laboratory  MLR 
Aathonp  ybUcarvag  I,  1059  CM  Aaitardan 
Tha  Mathorlaada 


1.  mioBocncM 

Tha  ehanca  la  flow  davalopaaat  with  Kayaolda  nabar*  rn—nuly  rafarrad  to  aa  tha  Raynolda  on^ar 
affact,  haa  both  attraetad  and  annoyod  tha  aarodynaalc  cnwaunlty  for  acaa  tlna  now.  It  aaaoya  tha  aaro- 
dpninic  daalcnar  haa  to  pradlct  fran  anb-aeala  wind  tnnnal  taata  tha  aircraft  parfomanea.  A  nlajodpa- 
■ant  of  tha  nacaltuda  of  tha  taynolda  nonbar  affact  nay  load  to  an  owar-  or  nndaraatlaatlon  of  flight  par- 
focnanea  raanltlng  In  acononie  ^aa.  In  tha  worat  eaaa  a  coatly  radaalgn  la  raqolrad  during  tha  period  of 
fll^t  taatiag.  Tha  guaatlon  of  Raynolda  nonbar  affaeta  attracta  tha  aarodynanlclat  baeaoaa  of  Ita  wary 
fundanantal  natura:  a  tborougb  undaratandlng  of  wtacoua  flow  phanm ana  and  tbalr  intaractlona  with  tha 
Invlacld  flow  field  la  ra^uirad  to  explain  Raynolda  nonbar  affaeta. 

Aa  long  aa  routine  wind  tunnal  taatlng  at  tha  actual  fli^t  Raynolda  nonbar  la  not  poaaibla,  other 
waya  nuat  be  found  to  cloaa  the  axparlnantal  Raynolda  mabar  gap.  Raalcally,  Raynolda  niabar  affaeta  ori¬ 
ginate  fron  a  Raynolda  nonbar  dapandancy  of  a  wlacoua  ahaar  layer  cloaa  to  tha  body  aurfaca  and  ita  intar- 
actlon  with  the  outer  InvlacM  flow  field.  If  tha  boundary  layer  can  be  nanipulatad  In  tha  wind  tunnal 
auch  that  Ita  dawalopnant  at  fll^t  Raynolda  nabara  la  eloaaly  apprcotlnatad.  the  Inrlacld  flow  aanaaa  tha 
proper  boundary  condition  and  tha  owarall  flow  dawalopnant  will  than  be  vary  alnllar.  With  thia  in  mind 
tha  ACAIP  Fluid  Dynaaica  Panel  formed  In  1984  Working  Group  09  "Wind  TWnnal  boundary  Lqrar  Slaulatlon  and 
Control".  The  working  groiq»  haa  ^lit  chair  activlclaa  into  three  coMlttaaa:  Ravlaw.  Raaaarcb  and  Hatbo- 
dology.  Thia  paper  only  raporta  the  flndlnga  of  the  Ravlaw  Ccnnlctaa.  Oaa  la  alao  nada  of  infomatlon 
collected  by  tha  praaant  author  aa  part  of  a  contribution  to  an  AGARDograph  on  Raynolda  nunbar  affaeta. 

Tha  baalc  jpiaatlona  that  will  be  addraaaad  in  thia  paper  are:  "What  do  wa  know  at  praaant  about  Raynolda 
ttuabar  affactaf"  and  "What  haa  bean  dona  in  the  paat  to  aaaa  tha  Raynoldb  nunbar  problamf" 


2.  SOS  FDRDAMBirtAL  ASPECTS 

Excellent  ravlawa  on  Raynolda  nui^ar  affaeta  can  be  found  in  two  ACARD  publlcatlona  by  Ball  (raf.  1) 
and  Green  (raf.  2)  both  publiahad  in  1971.  Soma  of  the  more  fundamental  aapacta  will  be  racallad  hare. 
Prandtl  waa  tha  firat  to  naka  a  baalc  diatlnetlon  batwaao  an  Invlacld  outer  flow  and  a  uaually  thin 
viacoua  layer  cloaa  to  tha  aurfaca.  Thaaa  two  flow  raglona  Interact  with  each  other.  At  high  Raynolda 
numbaxa  tha  typical  acala  of  the  thicknaaa  of  tha  viacoua  layer  la  mMll  coaparad  with  the  typical  length 
acala  of  the  body  in  otraamwiaa  dlractlon.  The  two  flow  fialda  can  than  ba  formally  decoupled.  Tba  daval- 
opmant  of  tha  viacoua  ahaar  layer  ia  govamad  by  aa  axtamally  Impoaad  praaaura  dlatrlbutlom  (that  followa 
from  tha  Invlacld  flow)»  aubjact  to  aa  Initial  eonditlom  (a.g.  at  a  atagnation  point)  and  a  no-allp  cowll- 
tloo  on  tha  body  aurfaca.  Thia  viacoua  flow  can  ba  daacribad  by  tba  boundary  layer  aguatloma,  a  thin  layer 
approxlmatloQ  of  the  full  Raviar  Stokaa  a^uatloua.  Tha  Raynolda  nunbar  la  axpllclcly  praaant  in  thaaa 
aquations.  Tha  thicknaaa  of  tba  viacoua  layer  varlaa  typically  aa  Ra-i.  For  turbulent  boundary  layers  tba 
Raynolda  number  dapandancy  la  more  ii^llclt  and.  for  vall-boundad  flowa.  bidden  in  tba  near  wall  formula¬ 
tion  of  tha  turbulaaca  modal  (aa  reflected  la  tba  "lav  of  tba  wall").  Ita  thicknaaa  varlaa  typically  as 
Ka-l/S.  Turbulent  free  ahaar  l^ara  are  only  Raynolda  nuibar  dapaadaat  la  aofar  aa  their  initial  condi¬ 
tions  are  affected  by  Raynolda  number.  Tba  aubaaquant  davalopmant  of  tba  free  ahaar  layer  la  basically 
Reynolds  nabar  Indapandaat  (raf.  3). 

Tha  affact  of  tha  ahaar  l^ar  development  on  tba  asternal  flow  field  can  ba  axprassad  aa  a  dlaplaca- 
mant  affact  or  an  affective  outflow  on  the  body  aurfaca  or  along  a  dividing  straamllna.  Aa  a  result  tha 
axtamal  flow  field  la  modified.  Whan  tba  boundary  layer  eloaaly  follows  tba  body  aurfaca,  tha  baalc 
atructura  of  tha  axtamal  flow  ia  not  changed  by  this  iotaractlou.  One  apaaka  of  "weak  interaction". 
Bowuvar,  whan  the  viacoua  ahaar  layer  braakaa  aw^  from  tha  aurfaca  ("maaalva  aaparatlon")  tha  axtamal 
flow  field  la  drastically  changed  and  so  are  the  aerodynamic  characcariatlea.  Tha  viacoua  and  Invlacld 
flow  field  can  than  only  ba  treated  almultaauoualy  ("strong  Intamcflon") .  Tha  occurence  of  flou 
aaparatlon  marks  aa  important  point  in  tha  flow  davalopmant  md  dapaoda  on  tha  viscous  flow  davalopmant 
tq»atraaa  of  tha  separation  point. 

With  this  ia  mind  a  diatlaction  can  ba  made  batwaao  direct  and  Indirect  Raynolda  number  affects.  Tba 
direct  Reynolds  numbar  affects  are  tba  affects  of  Raynolda  oumhar  on  tha  viacoua  shear  layer  davalopmant 
for  a  fixed  ("frosan")  praaaura  distribution.  They  can  ba  atudlad  aa  Isolated  phanomana.  Typical  txamplas 
are  tha  affaeta  of  Reynolds  numbar  on  boundary  layer  transition,  boundary  l^ar  dlaplacamant  thicknaaa  and 
aklD-frlctlon,  (Inciplant)  aaparatlon  and  shock  wave  boundary  layar  interaction.  Sema  of  thaaa  affaeta  can 
ba  dlacontinuoua  like  a  auddan  movamant  of  a  tranaltloB  point,  the  break-down  of  a  vortex  or  the  burst  of 
a  laminar  aaparatlon  bubble.  All  alrfoUa  axparlanca  one  or  more  direct  Raynolda  numbar  affaeta  but  It 
will  depend  on  tha  praaaura  distribution  sad  tha  Raynolda  numbar  range  which  affects  actually  occur. 
Indlract  Raynolda  oumhar  affaeta  are  dafinod  hare  aa  the  ebanga  in  praac.jra  distribution  due  to  tha  direct 
Raynolda  mabar  affects.  Typical  axamplaa  are  tha  ebanga  la  shock  strength  and  position  or  a  variation  in 
txalllng  adga  praaaura  due  to  a  Raynolda  number  Incmasa,  The  magnitude  of  tha  indlract  Raynolda  nu^ar 
affact  will  dapaad  on  tha  aanaitlvlty  of  tba  axtamal  flow  to  a  ebanga  In  tba  viacoua  boundary  condition. 
Flow  aaparatlon  will  generally  causa  a  large  variation  in  prasaora  diatrlbution  (aaa  a.g.  fig.  10  md  12 
to  ba  dlacuaaad  later) .  But  It  la  also  wall  known  that  soma  auparcritlcal  airfoils  are  vary  aanaltlva  to 

email  dlaturbancaa  naar  tha  design  comdltlon  (aaa  a.g.  fig.  21).  Small  dlraet  Raynolda  nuMbar  affaeta 

might  than  causa  large  changae  ia  praaeura  diatrlbution.  Dlraet  and  Indirect  Raynolda  mahar  affaeta  are 
indleatad  achamatically  ia  fig.  1.  In  tba  next  aactions  this  diatlaction  will  ba  used  frequently  aa  a 
logical  frame  mark  for  tho  dlacaaalon  of  Roymolda  mmhsr  affocta.  In  these  aactloaa  argiasnis  will  ba 

prasantad  la  si^port  of  tiia  taatatlva  table  added  to  flgnra  1  that  indlcataa  which  of  tba  two  affects  ia 

dominant  for  a  particular  aarodyasmlc  cbaractarlatlc. 


3.  EMLT  EVIDBKCE  OF  gfTItQLDS  nSOa  SFFBCTS;  TBB  ZNPOSTAIiCS  OF  BOOBSUUnr  UTSR  FIXATION. 


Th«  laport«oe«  of  Noysolda  mwhr  m  tho  baolc  ocallnt  poraMtor  la  vlocouo  flow  haa  baao  racogalsad 
froB  tha  baglnnlac  of  thaorotieaX  aarodyaaBlca.  Thla  was  also  rsflsecod  la  cha  azparlasatal  facllltlas 
chat  wars  cooseruccad  bafora  cbe  saeoad  world  war*  Ilka  tha  BACA  ''Varlabla  Daoslty  Wind  Tunnal"  and  "Low 
Turbttlanca  Fraasura  Tunnal".  Bi^rlBaata  In  tbaaa  faelllttas  rwwaalad  a  favourabla  affact  of  Raynolds 
nuwbar  on  wswliwi  lift.  This  is  not  iinaxpaccad.  At  low  Mach  QUiid»ars  and  high  lift  coodltlons  tha  pra^sura 
paafc  aaar  tha  loading  adga  aasuras  a  tur^ant  bouadarr  l^ar  dawalopwant.  Tha  saparatloa  of  this  tur- 
bulant  boundary  layar  will  ha  dala^ad  at  hi^Mr  Baynoliu  mabars*  rasultlng  In  a  favourabla  Rayaolds 
nuMbar  affact.  With  tha  advancawsnt  of  trsBsenle  flight  this  slapla  vlaw  bacaaa  sotwhat  obscurad.  In  wind 
tiauMl  tasts  at  transonic  flow  conditions  a  dacraasa  ratbar  than  an  Incraasa  in  Hft  was  obsarvad 

with  Ineraaslng  Raynolds  nus^r.  In  flgura  2  and  3  nora  racant  axawplas  ara  glvan  that  show  a  slailar 
bahavlour.  Thasa  rasults  (of  a  attparcritical  airfoil)  Indleata  at  Mach  ".6a  still  vary  wash  Kaynolds 
oortar  dapandanca  wharaas  a  strong  advaraa  affact  is  found  at  Mach  ".75.  In  ona  of  tha  early  wind  tunnal 
studios  on  laynolds  nuabar  af facts  (raf.  A)  a  significant  change  In  prassura  distribution  waa  obsarvad 
idian  tha  Raynolds  nuabar  was  Incraasad  (fig.  A).  Thasa  prassura  distributions  ara  eharactarlaad  by  a 
region  of  suparcrlcical  flow  with  a  favourabla  prassura  grsdiant  tarainstad  by  a  shock  wave.  At  a  low 
tsynolds  maibar  tha  boundary  layar  will  ba  laalnar  but  whan  tha  Raynolds  nuabar  is  Incraasad  tha  transi¬ 
tion  point  will  aova  towards  the  landing  adga.  Tha  obsarvad  Raynolds  nuabar  affact  on  tha  prassura  distri¬ 
bution  appaarad  to  ba  ralatad  to  a  fwndawantal  dlffaranca  batwaan  laalnar  and  turbulent  shock  wavs  boun¬ 
dary  layer  interaction  as  noted  already  by  Ackarat  at  al  In  19A6  (raf.  5).  It  waa  argued  at  that  tlaa  that 
transition  fixing  at  low  Raynolds  nutters  should  make  the  prassura  distribution  wore  coi^rabla  with 
fillet*  Tha  problaw  of  shock  wave  boundary  layar  Interaction  was  discussed  further  by  Paarcay  and  Holder 
la  1954  (raf.  6).  A  sudden  drop  in  trailing  edge  prassura  was  noted  for  shock  Mach  nui^ra  batwaan  1.22 
and  1.2A  and  It  was  argued  that  this  waa  ralatad  to  ahocfc-lnducad  boundary  layar  separation.  Scale  affact 
was  not  specifically  addressed  although  it  waa  nantlonad  In  a  footnote  that  for  a  proper  cowparison  with 
flight  "the  tunnel  tests  should*  of  course*  be  node  with  transition  fixed".  Tha  case  for  transition  fixing 
was  discussed  In  wore  detail  by  Balnea*  Bolder  and  Paarcay*  also  In  195A,  who  stated  that  "the  wajor  scale 
effects  at  high  subsonic  and  transonic  apeada  arise  froa  dlfferanees  between  tha  conditions  under  which 
the  Iswlnar  and  tha  turbulent  boundary  layer  separate  and  bow  they  behave  after  separation"  (raf.  7). 

Tha  •assaga  of  tha  50*s  that  artificial  boundary  layar  fixation  significantly  affects  tha  pressure 
distribution*  has  been  conflrwed  since  than  nuwerous  tines.  As  waa  noted  before*  part  of  this  affect  is 
due  to  a  fundanental  dlffaranca  in  tha  Interaction  of  a  shock  wave  with  either  a  leninar  or  a  turbulent 
boundary  layer.  Since  In  the  laninar  boundary  layar  tha  sonic  line  Is  further  away  fron  the  surface*  tha 
upstreaw  Intaractlm  of  the  shock  can  extend  over  a  such  larger  distance  *  resulting  In  a  wider  cowpras- 
slon  fan  that  weakens  the  shock  strength  locally.  This  Is  reflected  in  the  pressure  distributions  as  shown 
in  figure  Ae.  A  second*  equally  iflq>ortant  effect  Is  tha  swaller  diaplacanent  thickness  of  a  laninar 
boundary  layer  as  cowparad  with  a  turbulent  one.  This  difference  is  particularly  Inportant  in  the  trailing 
edge  region  of  an  airfoil  since  this  defines  the  "viscous"  Kutta  condition  and  hence  the  overall  circula¬ 
tion.  Because  of  the  large  influence  of  the  overall  circulation  on  the  shock  strength  and  its  position  a 
large  effect  of  transition  fixation  can  be  expected  on  tha  prassura  distribution.  The  effect  will  be  parti¬ 
cularly  savers  for  wodarn  airfoils  with  substantial  aft-loading  as  la  tha  case  for  tha  airfoil  shown  in 
figure  S. 

Hhan  the  Reynolds  nuabar  is  Increased*  the  nstural  transition  position  wdvss  upstreaa  and  this  causes 
largs*  discontinuous  changss  In  ths  serodynsalc  cosfflclsnts  that  art  absent  when  the  boundary  layer  Is 
trlpp^  artificially  (fig.  6).  nrsnsiclon  point  variations  csn  slso  be  Inltlsted  by  e  cbenge  In  pressure 
distribution  with  Incldsncs  or  Mseh  maber*  resulting  In  pecultsr  bends  In  ths  CL-o  and  CL-Ca  curves  (fig. 
7*  6).  Thsss  vsrlstlons  are  strongly  felt  In  the  drag*  since  the  drag  of  s  laalnsr  boundary  layar  la 
appreciably  lass  than  the  drag  of  s  turbulent  boundary  layer.  This  coablnstlon  of  a  direct  (viscous  drag) 
and  an  Indirect  (ahock-wnve  strength)  Reynolds  ni^er  effect  la  aost  pronounced  In  the  coapraaalblllty 
drag  (fig.  9).  Thaaa  axnplaa  ahcw  that  without  boundary  layar  fixation  qualitatively  alalaadlng  raaulte 
can  ba  obtained. 

It  is  good  practice*  aapacislly  for  drag  evaluation*  to  teat  a  baaallna  configuration  with  forward 
fixation.  Bavarthalaaa  free  tranaltion  teats  ara  soaetlBas  favoured  with  tha  argwant  that  tha  praaaura 
distribution  and  notably  tha  pitching  wowant*  will  ba  nora  alallar  to  flight  In  view  of  the  chlimar 
laalnsr  boundary  layers  at  tha  low  tunnel  Raynolds  nunbar.  Ihis  night  be  true  In  eonc  specific  csaaa*  but 
tha  favourabla  affact  of  a  Isninsr  shock  wave  boundary  layer  Interaction  and  tha  irragulsr  affacta  due  to 
tranaltion  point  novananta  Inpoaa  aarlous  restrictions.  Thera  la,  however *  s  potential  problsn  with 
forward  fixation.  Ilis  thicker  turbulent  boundary  layer  can  separate  at  the  trailing  adga  at  tha  low  tunnel 
Reynolds  nu^ar.  This  affact  wna  noted  already  by  Ganbla  (raf.  A)  In  1951.  Ha  auggaatad  a  nora  aft 
fixation  location  In  that  case  (sea  fig.  Ab),  a  technique  that  appears  to  ba  the  naln  Itan  of  tha  AGARD 
Working  Group  09. 


A.  COHCERR  IN  THE  SIXTIES:  TYPE  "A"  AKD  "B"  SEPARATION 

In  196b  a  NASA  report  (raf.  8)  written  by  Loving  was  publlahad  that  showed  large  dlffarancaa  In 
praaaura  dlatrlbutlon  batwaan  wind  tunnel  and  fli^t  for  tba  C-lAl  aircraft  (fig.  10).  Loving  wrote:  "the 
purpose  of  tha  dlscusaloo  le  to  caution  exparlnentars  coocarnlng  tha  uaa  of  wind-tunnal  results  in  pre¬ 
dicting  flight  loads  and  nonanta  whan  supercritical  separated  flow  la  present".  Figure  10  la  noat  likely 
tha  Boat  rafarancad  flgura  In  publicstlona  on  Reynolds  niabar  affacta.  Teat  wglnaars  at  that  tins  had 
dona  chair  howework  as  dlacuaaad  in  the  previous  section  end  wind  tunnel  tests  wore  nads  with  fixed  tran¬ 
sition.  But  obviously*  this  was  not  sufficient  to  ansura  slailarlty  with  flight.  In  a  pobllestlon  by 
Paarcay*  Osborne  and  Haines  In  1968  (raf.  9),  a  physical  nodal  wna  poatulatod  that  sxplalnad  tha  phano- 
nanon  in  nora  detail.  Tha  transonic  flow  on  airfoils  as  used  up  to  Cha  nid-flftlas  wna  doalnated  by  a 
strong  shock  wove  with  separation  rigidly  developing  fron  shock  to  trailing  adga  with  increasing  incldanca 
or  Mach  nwnhar.  They  claaalfiad  this  type  of  flow  as  class  "A"  sapsracloo  (sas  fig.  11)  and  coaaldarad  It 
to  ba  weakly  Raynolds  nunbar  dapandaot  In  view  of  tba  doninsnt  affect  of  cha  shock.  Bowavar*  the  conhina- 
cloo  of  a  nora  controlled  shock  wnva  daval^naot  and  significantly  norar  aft-loading  as  applied  la  nodacn 
airfoil  designs  could  provoke  "classical"  (low  speed)  trailing  adga  aaporation  even  bafora  tha  shock 
bacsna  Inportsnt.  Also*  frcn  low  spaod  axparisnea*  traillttg  adga  aaparatlon  was  known  to  ba  Raynolds 
nunbar  dependant.  They  noted  "It  is  not  surprising*  tbsrsfors*  to  find  tbass  sansitivitlas  carried  over 
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Into  flown  In  nbieh  roar  nnpnrntlon  and  tha  local  affacta  of  tha  abock  interact  with  ona  anothar*  nor 
indaad  to  find  thaw  a^pllflad  by  tba  Intaraction*.  Tbay  naaad  tbla  elaaa  "B"  aaparatlon  (fig.  U). 

Tha  C->14i  cane  waa  conatdarad  to  ba  a  good  ajuapla  of  elaaa  "B”  aaparatlon.  Nota  that  tba  affact  of 
Baynolda  mabar  on  tba  praaaara  diatribatlon  la  towawhat  alallar  to  tha  affact  of  boundary  layer  fixation 
(aa  abown  la  fig.  5) •  In  both  eaaaa  tba  laportant  pbanoaanon  la  tha  daaalopwant  of  tba  boundary  layer 
clone  to  tha  trailing  edge  and  Ita  Inflnanca  on  the  oaarall  circulation.  Tbla  affact  will  ba  wore  pro- 
nounead  lAao  large  advaraa  praaaura  gradlanta  are  praaant  near  tha  trailing  edge  aa  la  tba  caaa  for  noat 
nodara  alrfolla.  Ona  ahould,  hownaar,  ba  eautloua  in  Intarpratlng  figure  10  aa  the  typical  axm^la  of  a 
atrong  laynolda  nonbar  affect.  Lowing  blaanlf  wrote  at  that  tine  "that  tba  raaulta  dlacloaad  harln  ahould 
not  COM  aa  a  anrprlaa;  tbay  are  naraly  addltlMal  awidanca  of  tha  problan  aaaoclatad  with  aaparatlng 
flowa".  Tbla  point  can  ba  further  illuacratad  with  figure  12  where  tha  variation  In  praaaura  dlatrlbutlon 
with  Baynolda  nuahar  la  praaantad  for  a  particular  airfoil  Juat  prior  to  and  beyond  —  lift.  Nota  tha 

large  difference  In  aanaltlvlty  to  Baynolda  nunbarl  Tha  large  change  In  praaaura  dlatrlbutlon  waraly 
raflacta  a  ahlft  In  tha  aaparatlon  boundary  with  Baynolda  nua^r  (aaa  fig.  3  for  tha  corraapondlng  lift 
curvaa).  Tharafora.  tha  Baynolda  nunbar  aanaltlwlty  of  thla  type  of  flow  ahould  not  ba  axpraaaad  aa  a 
change  In  praaaura  dlatrlbutlon*  but  aa  the  variation  of  tha  aaparatlon  boundary  Itaalf  aa  a  function  of 
Baynolda  niabar.  Thla  haa  bean  Uluatratad  in  figure  13  for  a  nunbar  of  alrfolla*  Including  tha  ona  ahown 
in  figure  12. 

Tha  publication  by  Paarcay*  Oaboma  and  Balnea  atartad  a  vaat  nunbar  of  atudlaa  of  Baynolda  nunbar 
affacta  mi  aaparatlon.  Significant  prograaa  haa  bean  nada  alnca  than  in  tha  undaratandlng  of  turbulant 
ahock-wava  boundary  layer  Interaction,  (raf.  10).  Bnplrlcal  relatione  ware  aatabllahad  to  relate  incipient 
aaparatlon  or  the  axtaot  of  tha  aaparatlon  bubble  to  local  paranatara.  Tha  nora  recant  work  of  Ailkar  and 
Aahlll  (raf.  11)  la  an  outatandlng  axanpla  In  thla  raapact.  They  relate  tha  bubble  length  to  tha  local 
nonantun  thlcknaaa  of  tha  boundary  layer  ahead  of  tha  ahock  and  tha  abock  strength.  Thalr  anplrlcal  rela¬ 
tion*  raplottad  In  a  different  way  in  figure  14*  Indlcataa  a  very  weak  dapandanca  on  tha  local  Bajmolda 
ntfldiar.  Unfortunately*  prograaa  haa  bean  nueh  wore  United  with  raapact  to  tba  undaratandlng  of  tha  boun¬ 
dary  layer  davalopMnt  aft  of  tha  ahock  bubble  aiul  up  to  (near)  aaparatlon  at  tha  trailing  edge.  Prograaa 
haa  bean  hai^arad  by  tha  fact  that  In  order  to  calculate  thla  flow*  a  proper  nathcnatlcal  traatwant  of  tha 
vlacoua/lnvlacid  Interaction  la  aaaantlal.  Only  tha  wore  recently  developed  calculation  wathoda  can  handle 
tha  atrong  vlacoua/lnvlacid  Interaction  (aaa  a.g.  raf.  12). 

So  unfortunately  aoM  aapaets  of  tba  interaction  between  ahock  induced  and  rear  aaparatlon  are  atlll 
vary  such  uncertain.  It  haa  bean  argued  that  at  a  aufficlantly  high  Baynolda  nuwbar  tha  aaparatlon  will  go 
frou  elaaa  **8'*  to  elaaa  "A”.  Rowavar*  Fulkar  and  Aahlll  a  .owed  in  raf.  11  that  flow  break-  down  (aapara¬ 
tlon  fron  ahock  to  trailing  edge)  la  datarwinad  by  tha  growth  of  tha  abock  bubble  up  to  a  critical  point 
on  tha  airfoil  contour.  Since  only  local  paraMtara  appear  In  tha  awplrlcal  relation  for  the  bubble 
length*  thalr  wodal  doaa  not  allow  for  a  direct  interaction  between  ahock  Induced  and  trailing  edge 
aaparatlon.  Thalr  relation  In  fact  rapraaanta  the  wore  universal  direct  Baynolda  rnadiar  affect  on  the 
onset  of  aaparatlon  frow  ahock  to  trailing  edge.  But  tha  indirect  Baynolda  nunbar  affact  on  ahock 
atrangth*  noat  likely  to  ba  airfoil  dependant*  eontrlbutaa  aa  wall.  Naverthalaaa*  there  la  to  tha  author's 
knowledge*  no  clear  axparlwantal  avldanca  of  a  algnlficant  change  In  trend  of  naxlnua  life  or  buffet 
boundary  with  Baynolda  nunbar  eauaad  by  a  change  fron  elaaa  *'B”  to  elaaa  "A**  aaparatlon  (aaa  also  figure  13). 

Are  there  ways  to  alnulata  tha  Baynolda  nunber  Influence  on  tha  aaparatlon  boundary  In  the  wind 
tunnel?  Figure  15  shows  an  axanpla  of  how  naalnun  lift  can  bt  Incraaaad  with  aft  fixation  In  a  way  alnllar 
to  tha  affect  of  Baynolda  nunbar.  But  tha  Inportant  question  what  transition  location  la  required  to  alnu- 
lata  a  particular  Baynolda  nunbar  la  atlll  unanawarad.  Fulkar  and  Aahlll  auggaat  that  thalr  correlation 
(fig.  14)  can  ba  uaad  to  datanlna  tha  transition  atrip  location  such  that  tha  aana  bubble  length  relative 
to  tha  airfoil  chord  la  obtained  In  tha  wind  tunnal  aa  In  flight.  But  thla  la  only  valid  when  the  ahock 
atrangth*  that  antara  thalr  correlation  In  a  aanaltlva  way*  la  taken  Into  account  aa  wall  and  this  will 
depend  on  tha  trailing  edge  conditions.  Thera  appaara  to  be  a  fundanantal  problan  hare  that  will  be 
dlacuaaad  further  In  tha  next  section.  SoMtlnaa  tha  noat  aft  fixation  location  (aay  10  X  ahead  of  the 
ahock)  la  taken  to  ba  tha  noat  rapraaantatlva  ona  for  fll^t  condltlona.  Also  vortex  gantratora  can  be 
uaad  In  tba  wind  tunnal  (raf.  13  and  14)  to  delay  flow  braak-down  in  a  way  aonavhat  alnllar  to  an  increase 
In  Baynolda  nunbar  (or  tha  affact  of  aft-fixation)  aa  Uluatratad  In  figure  16.  The  pressure  dlatrlbutlon 
will  atlll  ba  Baynolda  nunbar  dependant  In  tha  case  of  naaalva  aaparatlon  fron  abock  to  trailing  edge.  For 
thaaa  conditions  Cahill  and  Connor  (raf.  15)  and  Cahill  and  Kahn  (raf.  16)  have  proposed  a  procadura  to 
reconstruct  tha  high  Baynolda  nu^ar  praaaura  distribution  fron  low  Baynolda  nunbar  wind  tunnal  teats 
(fig.  17).  Tha  procedure  la  baaed  on  a  correlation  batvaan  trailing  edge  praaaura*  ahock  location  and  a 
vlacoua  flow  pariMtar  (that  co^loaa  abock  strength  and  local  akin  friction).  Tha  niabara  In  tbla 
correlation  are  derived  fron  low  Baynolda  nunbar  wind  tuiael  teats  of  that  particular  configuration.  A 
nora  unlvaraal  correlation  la  aubaaquantly  uaad  to  axpraaa  tha  Reynolds  nunbar  Influence.  Tha  technique  la 
nalnly  applied  for  load  prediction. 


S.  A  CLOSER  LOOK:  THE  DRAG  ISSUE 

Concern  about  tha  Reynolds  nunbar  aanaltlvlty  of  nodam  auparcrltlcal  alrfolla  In  tha  lata  sixties 
Initiated  two  different  lines  of  action.  It  was  argued  that  hl^  Reynolds  nunbar  facllltiaa  ware  urgently 
naadad.  In  1971  an  AGARD  confaranca  was  organised  in  GBttlngan  on  "Facllltiaa  and  Taehnlquaa  for  Aarodyna- 
nle  Tasting  at  Tranaoolc  Spaed  and  High  Baynolda  Nunbar”  (raf.  17).  Plana  Mrs  developed  to  build  aueh  a 
facility  (raf.  18*  19)  leading  to  the  construetl<m  of  NTF  In  tha  USA  and  tha  design  of  ETH  In  Europe.  But 
at  tba  SMS  tins  axlatlog  facllltiaa  vara  uaad  to  study  Baynolda  nu^ar  affacta  In  a  ayatsMtlc  way  (raf. 
14*  20  -  24).  Initially  ona  was  concamad  frou  a  fundaMntal  point  of  view  with  abock  wave  boundary  layer 
Intaractloa  and  ita  affact  on  flow  aaparatlon  aa  axanpllf lad  by  tba  work  of  Stanawaky  and  Littla  (raf. 

25),  Graan  (raf.  26)  and  Oaboma  and  Paarcay  (raf.  27).  Later  the  attention  was  also  directed  towards 
(oonlnally)  attached  flow  conditions.  It  was  again  Balnea  who  noted  In  1976  (raf.  26)  that  "uncartalntlaa 
(due  to  Baynolda  mabar  affacta)  not  only  affact  tba  flow  separation  cbaractarlatlea  but  also  tha  drag  In 
condltlona  where  tba  flow  was  attached”.  Tha  arguMnt  was  even  carried  ona  step  further  by  Balnea  In  1979 
(raf.  29)  stating  that  tba  optlalsatlon  of  aircraft  design  la  greatly  hauparad  by  the  Baynolda  nunbar  gap 
of  praaant  day  wind  tunnala:  "a  significant  Incraaaa  In  design  lift  can  ba  achieved  whan  the  design  can  ba 
optlulaad  for  the  fli^t  Baynolda  nunbar"  (aaa  fig.  18).  An  axcallant  study  of  Baynolda  nunbar  affacta  on 
eoiVTsaaibillty  drag  was  nada  by  Blackwell  of  Lockheed  (raf.  14*  24)  In  tha  aavantlaa.  Ha  atudlad  a  nu^ar 
of  alrfolla  with  varyliig  thlcknaaa.  In  ganaral*  tba  variations  In  praaaura  dlatrlbutlon  a^arad  to  ba 
rather  anall  for  attached  flow  condltlona,  thou^  uora  pronounced  for  tba  thicker  alrfolla.  This  was  also 


r«fl«ct«d  In  tbft  variation  of  drag  craap  with  Rajnolda  nioibar  (fig.  19).  Tha  tblckar  alrfolla  abov  a 
largar  Raynolda  noabar  affaet  on  conpraaalblllty  drag.  Slnllar  atudlaa  nada  by  tba  praaant  author  art 
fully  in  lina  with  thaaa  raaulta.  In  tha  flguraa  20  to  23  Raynolda  nunbar  affacts  on  tba  praaaura  diatrl- 
bution  ara  praaantad  for  two  auparcrltieal  alrfoila*  a  ratbar  axtrana  16Z  thick  airfoil  (airfoil  "A")  and 
a  aora  eonaarvativa  daalgn  of  12Z  thiekaaaa  (airfoil  "B").  It  baa  baaa  atto^tad  to  aaka  tha  coapariaon  at 
conatant  lift.  Tha  aoat  laportant  affaet  that  can  ba  obaarvad  whan  tha  Raynolda  nuabar  ia  tncraaaad  in  a 
gain  of  lift  ovar  tha  raar  part  of  tha  airfoil.  Thia  ia  cauaad  by  a  largar  affactiva  caabar  doa  to  tha 
thinnar  boundary  layara  ovar  tha  aft  part  of  tha  airfoil.  At  conatant  lift*  tha  incraaaa  in  lift  ovar  tha 
raar  of  tha  airfoil  ia  eoapanaatad  by  a  dacraaalng  lift  on  tba  forward  part  of  tha  airfoil  raaliaad  by  a 
lowar  ineidanea.  Ranca*  tha  overall  efface  of  a  Raynolda  nunbar  incraaaa  at  conatant  lift  la  a  dacraaaa  in 
angle  of  attack  and  a  ahife  in  load  fron  tha  front  to  tha  raar  of  tha  airfoil  aa  alao  raflactad  by  an 

laportant  change  in  pitching  noanPt  (fig.  6,  8).  At  conatant  lift*  tha  ahock  can  nova  upatraan  (fig*  20)* 

downatraan  (fig.  23)  or  not  at  all  (fig.  22).  Thia  apparantly  ineonaiatant  novanant  ia  tba  raault  of  two 
oppoalng  trandat  with  incraaalng  Raynolda  nunbar  a  downatraan  novanant  of  tba  ahock  dua  to  a  battar 
praaaura  racovary  ovar  the  raar  of  the  airfoil  raaulting  fren  tha  thinner  boundary  layer  and  an  upatraan 
novanant  of  tha  ahock  due  to  the  raducad  incidanca  to  keep  tha  life  conatant.  Figure  21  finally  ahowa  a 
vary  apaelal  eaaa:  a  change  fron  a  alngla  to  a  double  ahock  ayatan.  However*  it  ia  wall  known  that  aopar- 
critlcal  alrfoila  cloaa  to  tha  daalgn  condition  exhibit  a  alnllar  change  in  praaaura  dlatrtbutlon  with 
anall  variaeiona  in  Mach  nunbar  as^/or  incidanca.  Irraapactiva  of  tha  ahock  wave  novanant*  the  ahock 

atrangth  appaara  to  dacraaaa  with  an  incraaaa  in  Raynolda  mabar.  Since  tha  wave  drag  ia  vary  nuch 

dapandant  on  tha  ahock  Mach  nu^ar  (aaa  raf.  12)  a  dacraaaa  in  ahock  atrangth  will  ba  raflactad  in 
Inprovad  co^iraaaibillty  drag  charactarlatlca.  Thia  ia  a  nice  axanpla  of  an  indirect  Raynolda  nunbar 
affect  that  will  depend  on  tha  particular  airfoil  cbaractariatlca:  tha  affaet  will  ba  aapaclally  large 
whan  tha  boundary  layer  ia  cloaa  to  or  beyond  aaparation  at  the  trailing  edge  aa  ia  tha  caaa  for  airfoil 
"A"  (fig.  22,  23).  Of  couraa*  tha  aaparation  of  tha  boundary  layer  near  tba  trailing  edge  will  have  a 
dlraet  affect  on  the  drag  aa  wall*  alao  raflactad  in  tha  drag  creep  davalopnanC.  Tha  conblnatlon  of  the 
direct  Raynolda  nunbar  affaet  on  drag  dua  to  aaparation  and  tha  indirect  Raynolda  nunbar  affect  on  tha 
ahock  wave  atrangth  axplaina  tha  large  dlffaraneaa  in  drag  creep  davalopnant  between  tha  two  alrfoila 
(fig.  24).  In  thaaa  axanplaa  only  one  aapact  of  tha  Raynolda  nu^ar  affect  on  drag  haa  bean  ravaalad  but 
other  phanoMna  can  ba  inportant  an  wall.  A  typical  axanpla  waa  praaantad  by  Hainan  in  raf.  28  and 
reproduced  in  figure  25.  It  haa  bean  auggaatad  that  tha  thinnar  boundary  layer  at  tha  hi^aat  Raynolda 
ntabar  favoura  tha  davalopnaat  of  a  aacond  axpanalon  (bacauaa  tha  local  affective  aurfaca  curvature  la 
Incraaaad)  raaulting  ia  a  double  ahock  ayatan  with  a  datrlaantal  affaet  on  drag.  (M.B.  In  tha  final 
publication  of  thia  paper  it  waa  ranarkad  that  aoaa  of  thaaa  raaulta  ara  arronaoua;  aaa  alao  figure  25). 
Note  that  tha  davalopnent  of  tha  praaaura  dlatribution  ia  acanidiat  ainilar  to  tha  one  praaantad  in 
figure  21.  Separation  in  tha  raar  loading  region  on  tha  lowar  aurfaca  la  another  potential  problan  area 
that  night  affect  drag  in  a  Raynolda  nunbar  dependant  way.  The  variation  of  the  drag  riaa  boundary  with 
Raynolda  nunbar  la  alao  of  great  practical  Intaraat*  Thia  variation  la  cloaaly  coupled  to  tha  indirect 
Raynolda  nunbar  affect  on  the  ahock  wave  atrangth  and  poaltion  and  conaaquantly,  likely  to  ba  airfoil 
dapandant  (aaa  alao  fig.  19  and  24). 

Ia  it  poaaibla  to  derive  hi^  Raynolda  nu^ar  drag  valuta  fron  low  Raynolda  nunbar  wind  tunnel  teats? 
When  tba  indirect  Raynolda  nunbar  affect  la  snail  (a  snail  change  In  praaaura  dlatribution),  tha  direct 
Raynolda  nunbar  affect  on  tha  vlacoua  drag  can  eonvanlantly  ba  aatlBstad  fron  claaaleal  fom  factor 
nethoda  or  fron  boundary  layer  calculations  using  the  naaaurad  praaaura  distribution.  Tba  problan  arises 
whan  tha  praaaura  distribution  changes  significantly  with  Raynolda  ntabar,  noat  often  in  eonblnatioo  with 
a  (United)  trailing  adga  aaparation.  In  that  caaa  boundary  layar  nanlpulation  through  aft-*flxatlon  aa 
nentlonad  bafora  night  halp  hare  aa  wall  to  alsulate  tha  correct  high  Raynolda  nunbar  praaaura  dlatrlbu~ 
tlon.  But  idiae  criterion  should  ba  uaad  to  alnulata  a  particular  Raynolda  umber?  Aa  a  first  step  one 
would  Ilka  to  duplicate  tha  trailing  adga  conditions  as  waa  advocated  by  dlacfcwall  in  1968  (raf.  30). 

Figure  26,  taken  fron  hia  papar,  indicataa  that  tha  praaaura  diatrlbution  ia  lodaad  vary  wall  alnulatad  in 
this  way.  Flguraa  27  and  28  show  two  othar  axmplaa  whara  tha  trailing  adga  conditions  ara  alnoat  alnllar 
for  tha  low  Reynolds  nunbar  caaa  (with  aft-flxation)  and  tha  high  Raynolda  nunbar  caaa  (with  full  turbu¬ 
lent  boundary  layar  davalopnent).  However,  duplication  of  tha  trailing  adga  condition  does  not  nacaaaarlly 
naan  that  datalls  of  tha  ao  Inportant  ahock-wava  boundary  layar  interaction  ara  ainilar  aa  wall.  Even  whan 
the  indirect  Reynolds  nunbar  affect  on  tba  shock  atrangth  la  wall  rapreaantad,  tba  boundary  layar  thick- 
naaa  ahaad  of  tha  ahock  will  be  vary  different.  Tba  problan  ia  llluatratad  by  tha  flguraa  29  and  30.  In 
flgura  29  a  vary  al^la  flat  plats  calculation  ia  uaad  to  define  tha  alnulatad  Raynolda  nunbar  such  that 
tha  nonantm  thickness  at  tha  trailing  edge  la  uaad  aa  tha  natebing  criterion.  In  figure  30  alnllar 
raaulta  for  a  typical  caaa  ara  praaantad  where  tha  momotum  thicknaaa  ahaad  of  tha  shock  ia  uaad  aa  tha 
relevant  natchlog  criterion.  Hota  that  tba  diffaranca  in  alnulatad  Raynolda  nu^ar  can  ba  aa  large  aa  a 
factor  of  10,  aapaclally  whan  tba  trip  la  located  close  to  tba  ahock.  Tha  quaatton  whara  tha  tranaltioo 
atrip  should  ba  located  to  alnulata  tha  flight  Raynolda  nunbar  ia  In  nany  caaaa  an  acadanlc  one.  In  prac¬ 
tice,  tha  variation  of  ahock  position  with  lift  or  Mach  nunbar  aavaraly  linlta  tha  aft  fixation  poaltion. 

It  la  poaaibla,  however*  to  use  different  trip  positions  for  varloua  parta  of  tha  fli^t  raglna  aa  indi¬ 
cated  in  flgura  31  taken  fron  raf.  31. 

It  ia  not  unaxpactad  that  it  ia  vary  difficult  to  natch  tba  boundary  layar  davalopnent  ovar  tha  Inpor¬ 
tant  regions  of  tha  airfoil  with  one  single  parmatar:  the  location  of  tha  traaaitlon  atrip.  A  battar 
local  corraapondanca  in  the  vlacoua  boundary  condition  appears  to  ba  only  poaaibla  with  a  nora  continuous 
nanlpulation  of  tba  bouad..ry  layar  along  tba  airfoil  contour.  Thia  ia  poaaibla*  in  prinelpla,  by  boundary 
layar  auction  aa  proposed  by  Groan  (raf.  26>*  Another  popaiblllty  ia  a  nodifieatlon  of  tha  airfoil  contour 
such  that  tha  affactiva  body  contour  (tha  am  of  tha  gaonatry  and  tha  diaplacanant  thicknaaa)  ia  identical 
for  wind  tumal  and  flight.  In  principle*  this  can  only  ba  achieved  for  one  particular  praaaura  diatrl- 
butlon.  Although  both  approachaa  mrit  nora  detailed  atudlaa*  they  ara  not  aaay  to  realise  and  have,  aa 
yat,  not  bean  applied  for  routine  wind  tunnal  tasting.  Tha  natter  will  be  left  to  tha  Research  Cmnittaa 
of  HG  09  ...  I 


6.  RETNOLDS  imtR  BFFICTS  OH  OTBU  COHFIGURATIOHS 

Ovar  the  yaara  Raynolda  nmhar  affacta  on  anparerltlcal  alrfoila  with  a  wall  davalopad  region  of  aupar 
aonle  flow  tamiaatad  by  a  ahock,  have  got  vary  nuch  attantlon.  Thia  type  of  flow  U  typically  aoeountarad 
on  hi^  aapact  ratio  wl^  of  tranaport  typo  aircraft.  Although  thraa-dinanalonal  affacta  '  auaa  aaan  empli 
eaeiona*  tha  aft  fixation  taehniqua  can  atill  ba  uaad  to  aaaaaa  Raynolda  nunbar  affacta*  provided  that  the 
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bo«ind«ry  Imyn  !•  •till  laalaar  b«tifMa  l««dlaft  •df*  «iid  shock. (For  farther  41scoa«lou  •••  r«f.  1»  11. 
tkf  30  and  32).  It  is  aoimslly  sisiasd  thst  ths  astorsl  trsasltlon  loestloa  for  s  ovopt  wins  st  fll^t 
eo^ltloos  is  St  ths  IssdiDf  sdis.  Bat  It  Is  Isos  svldsat  for  ths  low  Ispsolds  suahsr  la  tbs  vlad  tosttsl 
thst  ths  bouadssy  Ispst  is  slssps  Isalnss.  Ths  astorsl  trsasltloa  loestloa  d^Mids  crltlcsUy  oa  Isjroolds 
iraabsr»  Issdiag  sdfs  svosp  sad  prsssars  dlstrlbatloa.  la  fset»  tbs  Ispaolds  auabsr  sffset  oa  trsasltloa  Is 
osry  coapllestsd  for  swept  wlats.  Thsrs  srs  st  Issst  foor  dlffsrsat  wschsalsas.  ssch  oas  Kqraolds  aoabsr 
dspsodsata  thst  dstsxwias  if  ths  hooadsrp  lapsr  Is  Isadasr  or  torhalsat  ss  illoatrstsd  la  flfurs  32  tsksa 
frow  rsf.  33.  Fortoastslpa  for  asdsrsts  swoop  — ss  foi'jd  oa  trsasport-t3rps  slrersfta  ths  astursl 
houadsry  ISFsr  Is  osasUp  la  ths  vlad  tosasla  so  thst  ths  sft-flastloa  tschalqus  al^t  hs  ossd. 

At  lower  frss  strssa  Kseh  auwbsrs  sad  higher  lacld^sess  tbs  shocks  aowss  forward  closer  to  the  Issdlag 
edfo.  For  these  eoadltloas  ths  sft-flastloa  techai^us  c^a  aot  be  ossd  ssgrwors  sad  oas  esa  oalp  choose 
betwsea  forward  flastloa  sad  astursl  trsasltloa.  At  still  lower  Msch  aMbsrs*  ths  shock  dlss^srs  sad 
oolp  s  pressure  peek  rewsias.  Beace.  sepsrstloa  la  ths  Issdlat  sdse  rsploa  esa  be  pressure  gradleat  or 
shock  laducsdi  depeadlag  oa  the  Msch  anwber.  The  problew  is  further  sggrsvsted  bp  s  eorp  dlstlact 
dlffsteoes  in  behsplm  of  the  Isalasr  or  turbuleat  bouadsrp  Isjrer  sepsrstloa  just  sft  of  ths  prsosure 
peek  or  st  the  shock.  Figure  33  (ref.  27)  Is  sa  lUustrstioa  of  ths  offset  of  flastloe  la  the  nose  regloa. 
It  ^»pesrs  thst  Ispaolds  eunher  effects  for  these  coadit^»as  srs  aot  vsrp  well  uadsrstood  (see  also 
ref.  23). 

Tbs  flow  la  the  leading  edge  r^loa  Is  eves  wore  laportsat  for  dolts  wings  with  s  rouadsd  Issdlng 
edge  st  high  eagle  of  attack.  Boundary  leper  sepsrstloa  la  ths  leading  sdgs  region  deteraiass  ths  onset  of 
ths  forastloB  of  the  prlasrp  uortex.  Large  wsrlstioM  In  prsssore  distribution  hove  been  obserwod  la  this 
esse  (fig.  34  fron  ref.  34).  Boweuer*  this  does  aot  ascesssrllp  ladlcsts  s  large  Bspnolds  nuehsr  seasltl' 
rltp.  The  sltustloa  Is  scasiAst  slallsr  to  the  OMst  of  flow  brssfc  down  ss  discussed  in  ssction  4.  Kepnolds 
auober  sensltlwltp  should  be  Judged  froa  s  graph  that  depicts  the  Incidence  st  vortex  forastlon  ss  s 
function  of  Kepnolds  anaber.  The  largo  dlffarsace  la  pressure  distribution  oalp  Indicates  an  sls»st 
dlscontlBuous  chsngs  froa  sttsched  to  separated  flow  cMditloos  (ref.  35). 

After  ths  forastlon  of  the  prlasrp  wortex*  ths  stats  of  the  boundary  Ispsr  (Isalasr  or  turbulent)  Is 
of  considerable  l^ortsnce  for  the  forastlon  sad  ths  effect  of  the  secco^rp  separation  uadsmssth  the 
prlasrp  vortex  (fig.  35).  The  bouadsrp  Ispsr  is  aucb  aors  susceptible  to  separation  sad  will  there- 

fots  start  st  a  aore  Inboard  position  ss  coapsred  with  the  turbulent  separation.  This  esuses  a  severe 
distortion  of  ths  pressure  pe^  uademesth  the  prlasrp  vortex,  tilth  a  turbulent  boundary  layer  separation, 
the  Inviscld  (high  Kepnolds  nuaher?)  pressure  dlstributlea  ss  calculated  Is  auch  better  spproxiaeted.  Wien 
Isalnar  flow  exists  at  tunnel  Kepnolds  nuabers,  artificial  fixation  can  be  applied  to  aore  closely  approxi- 
aate  the  hl^  Kepnolds  nuaber  case  (see  ret.  36,  37). 

Vortex  break  down  Is  another  viscous  flow  phenewenon  that  al^t  be  affected  by  Kepnolds  ni^er. 
However,  figure  36  (ref.  38)  does  aot  suggest  a  systeaatlc  tread  with  Kepnolds  nunber.  This  Is  aot  un¬ 
expected  since  the  developaent  of  a  turbulent  free  shear  layer  Is  Independent  of  Kepnolds  ntaber  (see 
section  2)  apart  froa  an  effect  on  Its  Initial  eoadltions  at  separation.  Since  the  pressure  gradient  along 
the  vortex  core  la  very  laportant  for  vortex  break  down,  ladlrsct  Kepnolds  nowber  effects  can  not  be  ruled 
out.  They  can  be  caused  bp  a  change  la  preasurs  distribution  due  to  variations  In  boundary  layer  displace- 
went  thickness  end  the  location  of  prlasrp  sad  secondary  sapsratlen. 

In  Intarestlng  area  is  forwed  bp  the  Kepnolds  maber  sffocts  on  slsadsr  bodies.  Afterbody  drag  Is  of 
great  practical  slgnlflcaace  for  turbofan  englnea  of  transport  type  aircraft  and  for  filter  and  alsslle 
configurations.  Figure  37  taken  froa  ref.  39  indicates  a  substsatial  effect  of  Kspnolds  miaber  on  after 
body  drag.  Flow  s^aratlons  at  lower  Keynolds  nuabers  appear  to  be  of  laportancs  hers.  Ibis  topic  aerlts  a 
ouch  wore  datallsd  discussion,  also  la  view  of  the  fact  that  afterbody  drag  Is  bl^ly  sensitive  to 
buoyancy  effects  Introduced  by  the  wind  tunnel  walls  (calibration,  wall  iatsrfercnes  effects).  See  also 
sectioa  7.  Hie  problM  of  afterbody  drag  has  sews  siailarltp  with  tbs  effects  of  flnr  separation  on  drag 
in  Che  traillag  edge  region  of  an  airfoil  as  dlseusssd  before.  Slollar  astbods  (e.g.  sft  fixation)  night 
be  used  hers  as  well  to  siaulate  aore  closely  the  high  Kspnolds  nuaber  boundary  layer  dsvelcpasnt. 

Vortex  fotoatlon  In  the  nose  region  of  slender  bodies  la  saothsr  very  lapwtant  ares.  The  problea  Is 
CO  sowe  extent  slallar  to  the  vortex  forastlon  on  a  rounded  loading  edge  of  a  delta  wing.  But  the  phsno- 
Mus  are  far  aore  ccopllcated  on  slender  bodies  sines  It  appsars  froa  theoretical  calculations  that 
Bulclple,  stable  solutions  with  respect  to  the  spatial  distribution  of  vortices  (sywetrle  and  a-sym 
trie)  are  possible  here.  Secondary  effects,  like  the  wind  tuaasl  environaent  or  oodsl  laperfecClons  can 
Chen  be  decisive  In  the  selection  of  one  particular  flow  pattern.  The  problea  Is  sasnent  froa  large. 
Irregular  vsrlatloas  la  side  force  (flg.38  froa  ref.  42).  Thors  is  no  doubt  that  the  stats  of  the  boundary 
layer,  either  laolnsr  or  turbulent,  is  of  considerable  iaportaace  as  well  (fig.  39).  Sooetlass  bsllesl 
trip  wires  are  used  to  Influence  the  vortex  forastlon  (see  fig.  40  froa  rsf.  43)  but  It  Is  aot  quite  clear 
to  what  extent  this  trip  slwlates  high  Kspnolds  nuaber  behaviour.  It  is  not  unllksly  that  ths  trip  itself 
laltlstss  a  particular  flow  psttera.  If  this  is  the  csss  It  night  be  possible  to  design  the  forebody  geo- 
BStrically  such  thst  a  stable  vortex  forastlon  will  be  favoured  end  this  night  ssss  the  sensitivity,  also 
due  to  Kspnolds  nuaber,  of  this  kind  of  flow. 

Finally,  the  flow  on  the  coopllcated  shapes  of  aodem  coobst  aircraft  configsratlons  at  high  angle  of 
attack  cooblnes  aloost  all  of  the  pheaoaeoa  described  before.  In  a  contribution  to  the  working  group. 

Cross  suMsrlsed  the  existing  practice  as  follows^  '^or  coobst  aircraft  at  high  Incldsace  the  uncertainty 
la  scale  effects  is  such  thst  corrections  of  wind  tuaasl  results  to  full  ccsle  Is  often  not  attsapted**.  At 
transonle  flow  eoadltions  sad  ooderate  angle  of  attack  a  supersonic  region  temlnatsd  bp  s  shock  night  be 
forwed  OB  ths  wl^  surface,  soosubst  slallar  to  the  csss  of  a  two-dlosaslonal  slrofll  as  discussed  before. 
The  aft-flnatloB  tschalqus  olgbt  then  be  used.  Flgors  41  tsksa  froa  rsf.  44  shews  a  typical  exospls  how 
ths  presonrs  dUtrlbutloa  can  be  affected  by  oovlag  tbs  trsasltloa  strip  ..urtbsr  aft.  In  this  caws  oas 
should  sspsciallp  bs  coacerasd  with  the  very  signlflesat  thrss-dlasnsioasl  varlatloos,  e.g.  ths  ehsags  on 
local  swssp  angle  of  the  outboard  shock.  It  is  uallksly  that  naaipulatloa  of  ths  bouadary  layer  by  various 
trsasltloa  locations  will  yield  the  free  flight  aerodyasalc  bshsvloar  over  the  satire  flight  sovslope. 

Ths  bast  oas  can  achieve  Is  a  better  qualitative  iopressloa  of  flow  eoadltloas  Where  vlaeoas  effects  are 
ioportaat.  A  basic  aadsrstaadiag  of  the  orlgias  «id  sffsets  of  benodsry  layer  trsasltloa  sad  sspsratioa 
Is  a  first  but  ssssntlal  step. 
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7.  PSBUDO  mWOLDS  MIMBEK  IFlBfTS 

At  tlM  round  cabl«  dlocuoclMi  of  tb9  Fluid  Dynaaico  Spociallat  Haatlng  on  '^all  Intarfaranca  in  Vind 
Tunnal#**  la  London  la  1982  (rof.  45)  lle«Croak^  Aouad  a  alida  with  cha  citia  **80700180  nunbar  affacco  > 
Nodal  or  faeilltyt**  (fig.  42).  Thia  figura*  iadleacing  largo  variationa  in  tha  naaaurad  lift  curva  alo|^ 
of  tha  WACA  0012  airfoil*  la  a  good  illuatration  that  axparinantal  raaulta  ara  liabla  to  axparlnantal 
arror  and/or  uimantad  or  aaan  unkaoMi  influancaa  of  tha  vlad  tunnal  amrironaant.  Ibaaa  af facta  nay  vary 
vail  ebanga  ia  nagi^tuda  vith  dia  tunnal  praaaura  (dM  tunnal  unit  taynolda  nunbar)  or  nodal  acala.  Hanea, 
what  ia  naaaurad  aa  a  fanetion  of  taynolda  nunbar  doaa  not  nacaaaarily  raflact  cha  Crua  taynolda  nunbar 
affaet  of  tba  particular  aarodynanie  configuration. 

Ne.Croakay  naa  not  tha  flrat  to  raaliaa  tbia  ^^lan  aa  vlll  ba  llluatracad  vlcb  aona  typical 
ananplaa  in  thia  auction.  A  vary  aarly  eaaa  can  ba  found  in  raf.  48  publiahad  in  1955  and  raproducad  hara 
aa  flgura  43.'  It  ahona  tha  variation  in  praaaura  diatribution  for  a  auparcritlcal  flow  condition  dua  to  a 
ehMga  in  flow  quality  of  cha  wind  tunnal.  Nota  diat  dM  variation  in  praaaura  diatribution  la  aonawhat 
atnilar  to  cha  ona  ahown  ia  flgura  4a.  Iha  obvioua  anplanation  ia  that  tha  Inprovad  flow  quality  cauaad  a 
raamnrd  novtawnc  of  tha  tranaition  point  raaulting  in  a  lanlnar  Inataad  of  a  turbulanc  ahock  vava 
boundary  layar  intaractloo.  Aa  una  dlacuaaad  alraa^  in  aaccioa  3  thia  will  hava  a  aignlflcant  affaet  on 
cha  praaaura  diatribution.  Tha  ralation  bacuuan  tunnal  aaviroonaat  and  tranaition  location  appaarad  to  ba 
a  hot  icon  in  cha  olxtiaa  in  connaction  with  tha  ao  callad  **oaiC  kaynolda  mdbar  affaet**.  Tha  problan  waa 
■ora  or  laaa  aattlad  by  Oou^arty  and  Flahar  in  1980  (nf.  47).  Thay  vara  abla  to  eorralata  tranaition 
taynolda  iwirtira  on  tha  10  dagraa  AIDC  eona  in  varioua  wind  tunnala  and  in  fli^t  with  aarodynanie  nolaa 
(fig.  44).  Thalr  corralation  atill  ahown  appraciabla  acattar  and  It  ia  likaly  diat  othar  wind  tunnal  anvir- 
oanantal  affacta  will  ba  of  inportanca  aa  wall.  A  vary  atrong  affaet  on  tranaition  location  raaulta  fron 
now-adlnhatic  wall  coadltlona  aa  llloatratad  in  fig.  45  alao  fron  raf.  47.  Although  tha  tranaition  eona 
data  hava  boon  eorractad  to  account  for  thia*  tba  affaet  la  auch  chat  ona  baa  to  worry  al^c  it* 
aapacially  for  eryoganic  tunnala  uhara  tanparatura  aquilibriun  night  praaant  a  problan  (aaa  alao  raf.  48). 

It  ia  wall  known  that  vind  tunnal  turtulanea  and  aodal  rou^maaa  affacta  hava  a  aignlflcant  Influanca  cm 
tha  tranaition  location  (aaa  a.g.  fig.  46  fran  raf.  49).  Aa  waa  dlacuaaad  hafora*  tha  atata  of  tba 
boundary  layar*  aichar  lanlnar  or  tnrbulant*  playa  a  vary  laportant  rola  in  tayn^dn  madmr  affacta.  not 
only  for  ahock  wave  boundary  layar  intaraction  but  alao  for  drag  aaaaaanant  and  cha  flow  davalopnanc  in 
tha  lauding  adga  ragion  of  a  wlag.  fOr  chat  raaaon  00a  ahoold  know  tha  partlcnlar  eharaccarlaclea  of  a 
wind  cnnnal  with  raapact  to  tha  natural  tranaition.  ta  viaw  of  poaalbla  uneartalntiaa  in  tha  natural  tran¬ 
aition  location  it  la  oftaa  raquirad  to  fix  tha  honndary  layar  artificially.  Tha  tranaition  atrip  aisa 
ahould  ba  carafully  aaiactad.  Sinea  tha  critical  ronghnaaa  haight  aealaa  with  ta-3/4  it  ia  naadatory  to 
adapt  cha  atrip  alia  to  taynolda  niabar.  Mban  a  taynolda  awaap  ia  nada  it  la  not  anfflciant  to  aalaet  cha 
largaac  atrip  aiaa  that  aaanraa  tranaition  ovar  tha  foil  ranga  of  taatad  tajmolda  mrnbara.  Ovar-flxatlon 
can  give  ■ialaadlng  raaulta  for  drag*  aa  indieacad  in  figura  47  (raf.  50)  and  alao  for  cha  ahock  wave 
davalopnanc  (a.g.  aaa  raf.  28). 

Conflicting  raaulta  in  drag  taata  on  tha  ACAID  Roasla  Aftarbody  in  tha  aavantiaa  gava  riaa  to  tha  so 
callad  **tayttolda  nindiar  paradox**  (fig.  48).  Aulehla  and  Baalgk  (raf.  40)  wara  cha  flrat  to  not#  that  thia 
affaet  could  largaly  ba  axplainad  fron  a  taynolda  run* or  affaet  on  tha  tunnal  callbratieo.  Foaniak  (raf. 

41)  haa  orlctan  a  eoaprabaoaiva  ravlaw  on  thia  problan. 

Tha  taynolda  nnnlMir  affaet  on  tunnal  calibration  can  aaally  bt  takan  Into  account.  A  nueb  nora 
aariooa  problM  ia  tha  taynolda  ouabar  affaet  on  wall  Intarfaranca.  Flgura  49*  raprodocad  fren  raf.  52, 
lllaatrataa  tba  prohlMi  vary  wall*  In  thia  acudy*  ona  airfoil  (but  with  dlffarant  chord  length)  van  taatad 
ta  a  nunbar  of  wind  tunnala.  Fury  larga  variatlooa  la  taynolda  nunbar  tranda  vara  obaarvad  for  nirlnun 
lift  and  drag  riaa  Nach  nunbar*  Wowevar,  if  tba  navinnn  lift  at  tba  drag  rtaa  Hach  nunbar  la  raploctad  aa 
a  function  of  tojmolda  nunbor  a  vary  conaiatant  crand  la  obtainod.  It  ia  Itkaly  that  tba  original  dia- 
crapancy  la  cauaad  by  a  wall  intarfaranca  affaet  on  Nach  mabar.  For  a  nodal  of  low  aapact  ratio  tha  Intar- 
action  of  tho  praaanra  diatribution  on  cha  nodal  with  tba  aida  wall  boundary  layar  davalopnanc  can  ba  a 
problan.  Thia  affaet  la  likaly  to  ha  taynolda  nunbar  dopandant.  Althou^  corractlona  for  thia  affaet  hava 
buan  accaiVCad  (aaa  a.g.  raf.  55),  it  ia  adviaabla  to  do  t«o-4inanaicmal  taut  with  a  aufflclantly  high 
aapact  ratio  (at  laaat  2) .  It  ia  laaa  claar  If  cha  intarfaranca  affacta  fren  tha  top  and  botton  valla  ara 
taynolda  ounbar  dapandanc.  Thara  la  aono  avidanea  that  thia  ia  tba  eaaa  for  poroua  walla  (a.g.  aaa  raf. 

54).  In  any  eaaa*  tha  nora  rtcantly  davalopad  wall  intarfaranca  cerraction  nathoda  that  ara  baaad  on 
■aaanrad  wall  praaanraa  appaar  to  ba  capabla  to  enlcnlaca  wall  corractlona  with  aufflciant  accuracy  for 
cwo-dinanalooal  taata  (raf.  55).  Tba  aplication  of  ona  of  chaaa  nathoda  (raf.  56) to  two-dlnanaional  naaaura- 
nanta  in  tha  high  apaad  tunnal  BST  of  KLt  Indicatad  that  cha  taynolda  nunbar  affaet  on  wall  intarfaranca 
waa  Mall  for  thia  aloccad  taut  auction  (fig.  50). 

lhaaa  fav  axMplao  Uluatrata  chat  for  cha  aaaatMant  of  taynolda  nubbar  affacta  high  quality  data 
ara  aaaantlal.  It  la  to  ba  axpactad  that  aena  of  tba  a^arinantal  avidanea  of  tho  paac  on  taynolda  nunbar 
affacta  la  partly  obaenrad  by  paando  taynolda  nnabar  affacta  dna  to  tho  vind  tnnnal  anvlroMant.  Fertu- 
natoly  cbo  advaneonanca  in  naaanrlng  tadmiqnaa  and  wall  intarfaranca  corractlon  nathoda  Incraaaa  cha  con- 
fidonea  in  naaaurad  taynolda  oabbar  affacta  algnificantly. 


8.  FINAL  IMAIKS 

la  thia  raviav  a  diatlnction  haa  boon  nada  batnaan  dlraet  taynolda  iwbtr  affacta  (tha  changa  in 
viaecna  flow  davalapMnt  for  a  fixod  praaanra  diatribntlan)  and  indiract  t^moldo  nMbar  affacta  (a  changa 
in  praaanra  diatribntlan  dna  to  tha  diracC  laynalda  eunbar  affaet).  Indiract  taynolda  iwi^ir  affacta 
appaar  to  ha  dapandaat  an  tha  typo  of  flow*  IlMy  cm  hava  a  aigpiflcMt  af.'aet  m  lift  and  pitching 
■onMt*  ahoch  wava  drag  and  tba  bnffat  haaninry.  Naat  af  thaaa  affacu  cam  ba  claarly  IdMtifiad  and 
lalatad  ta  a  partlcnlar  dlraet  taynolda  mm^cc  affaet. 

Mnp  dlraet  tegmalda  OMbar  affacta  (a.g.  tba  variatiaa  af  alila  frlntlaa  drag  with  laynalda  nabbar)  ara 
rabtandbl^  aall  iMiarafoed  and  astrapalatlM  to  flight  apfiaya  ta  ba  pbMlbla  M  long  aa  tba  raonltlng 
affacta  m  tha  preMnra  dlacrlbatiM  (Cha  indiract  taynalda  Mbbar  affacta)  ara  Malt,  thia  la»  hanavar* 
cartainly  not  tha  eoM  with  tha  chanpe  fran  iMlaar  to  tacMant  ahock  nova  hoandary  layar  intaraetian  and 
with  tha  affMta  af  fhnlant  houndney  layar  ■iparatian.  taonibcy  l^br  finatlM  aM  ha  naad  In  tha  wind 
fiMil  to  ananra  tathalant  banadary  Uyar  davnlafObbt*  bnt  a  farnacd  trip  paaitiab  tnerama  cha  ridk  af 
ihaah  Indoead  ar  craiUbg  odpa  paparatlM*  not  prmnt  la  fU|ht*  thia  will  haaa  a  latpa  affaet  aa  iha 
praaanre  dlatrlhatlM.  Ia  prftMipIa  baoaAary  nMipalariM  cm  ha  aoad  to  appraninau  nora  clooaly 

cha  tiMlary  layar  in  fligjrt.  In  ptaatlaa*  Mly  tha  *aft»flaatiaa*  tadaigae  hM  boM  appliad  MceaM' 
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ftilly.  0Wloaal7»  thm  «ppiie«tlaB  of  tkiM  eoehai^  io  lialtof  to  coodlclono  iihoro  tbo  ooturol  troMitloo 
loeotioB  Is  mffleloatly  oft  In  tho  wind  ttmiiol.  Moroovor*  tbo  qnootloo  which  Roynoldo  noabor  io  octuolly 
oinOotad  io  otiU  worr  anefe  opoa. 


Tho  Otttbeo  U  voop  aoch  ladohtod  to  hio  eolloacaoo  in  tho  Bovlaa  Ccaaittoo:  C.  Amad,  A.6.T,  Crooo, 
Totorooo*  J.L«Tottor«  6.P.  laooo  oad  Siodmch.  Thoir  awk  io  ot  tho  boolo  of  coatribottoo 
olthoai^  thio  io  oaijr  portlp  tofiootod  in  chio  popor.  forthor  dioooooioao  in  tho  aorkinp  cmp  ond  tho 
otodp  of  tho  proooat  oathor  of  lopaoldo  aoabor  offoeto  oa  tao-diaoaoioaol  olrfoUo  oad  croaoport  tppo  con- 
fiforotiono  (oo  port  of  o  propoood  AfiAIDo(roph)  hovo  influoacod  tho  oothoro  thlnkint  «a  lopnoldo  aahbor 
offoeto  ooaoidorobU  oineo  tho  firot  (eoaoopt)  pahUeotioa  of  tho  report  of  tho  tovloa  Coaaittoo.  Tbo  aonp 
otiauloting  dioeuooioao  with  Borrp  Hilnoo,  Trovio  linloa  ond  Bpon  Stonooohy  hovo  coatribotod  rorp  auch  to 
tho  ooaoahot  difforoat  approach  oo  rofloctod  in  tho  prooont  paper. 
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fit,  4  txMiplm  of  oorlp  Ropoeldn  nitior  off— to  os  prooooro  dlotribnttoa  (fra  rof.  4) 
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rif.  6  S«yaold«  Quabar  vffacta  at  coaatant  tacldrac* 
OB  drat,  Pitchtof  aoMot  aad  lift  vitb  laalaar 
and  turbulant  boandary  layar  davalopaant 
(raf.  33) 


flf.  7  Iffaat  of  Raynolda  naabar  and  traaaittOB 
point  aariatloa  oa  lift  earra  <raf.  38) 


flf.  •  Iffact  of  Raynolda  auabar  and  traaaitloa 
point  TarlatloB  on  eoapraaalbillty  drag 


SHOCK 


•  EFFECT  OF  AFT-F(XATION 
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0  10% THICK  SUPERCRITICAL  AIRFOIL 


0  21%  THICK  SUPERCRITICAL  AIRFOIL 

rif.  19  ■•yoolda  maMr  •ffMt  oa  ecm^n—ibllitr 
drag  for  thrd*  dlffamt  alrfolla  (r«f.  14) 


Pig.  20  t*7aolda  rniabar  •ffact  oo  praaaur* 

dlatributioa  •  Maapl*  of  a^atroM  ahock 
diaplaeaaaat 


Fig.  21  BoTBolda  raabar  affact  on  praaaora 

diatribatton  •  axaapla  of  ebaaga  froa  alogla 
to  doobla  ahock  apataa 


(S)  AFTER  DRAG  RISE 


Fif.  24  R«7iiolds  ayfcir  •ffect  on  ce^r«s*ibllity 
dr«f  for  oodol  A  mad  B  Cflfo.  20  -  23) 


Fl».  25  Bsmaplo  of  Roynoldm  auaber  effect  oa  mecoad 
eabaamloa  boblad  the  mbock  (ref.  38) 
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1  2  4  6  10  20  X  to® 


0.2  0.4  0.6  0.8  X/C 


rig.  27  Slmulstlon  of  high  Reyoolds  ouaber  pressure 
distribution  with  sft^flxstlon 


rig.  20  SlspXe  "flst-plste  Blaulation  criterion” 
astcblng  of  trailing  edge  conditions 


0.1  0.2  0.3  0.4  0.6  (X/C)  TRIP 

rig.  30  Sinple  "flat-plate  slnulation  criterion” 
Batching  of  conditions  at  shock  location 


rig.  28 


SlMlation  of  high  hsrnolds  ntadber  pressuro 
distribution  with  aft-flxation 
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0.S  O.e  0.7  0.8  M  0.0 


AA  :  LIMIT  OF  COMPLETELY  SUeCRiTiCAL  FLOW 

cyq ;  SHOCK  upstream  of  forward  band 

BUT  FORWARD  BAND  DATA  RECOMMENDED 

fVV\vi :  SHOCK  AFT  OF  FORWARD  BAND*' 

FORWARD  BAND  DATA  RECOMMENDED 

F77771 :  SHOCK  AFT  OF  MID  BAND* 

UlLLk  MID  BAND  DATA  RECOMMENDED 

:  SHOCK  AFT  OF  REAR  BAND* 

REAR  BAND  DATA  RECOMMENDED 

- :  BOUNDARIES  FOR  TRAILING^EDGE  PRESSURE 

DIVERGENCE 

N.B.  SHOCKS  MOVING  AFT  BELOW  AND  FORWARD  ABOVE 
THESE  BOUNDARIES 

Lm.  :  BOUNDARIES  DEFINING  UPPER  LIMIT  OF  VALIDITY  OF 

RESPECTIVELY  FORWARD.  MIC  AND  REAR  BAND  DATA 

.  :  STRICTLY.  SUFFICIENTLY  FAR  AFT  TO  AVOID  ANY  LOCAL 

INTERFERENCE  BETWEEN  ROUGHNESS  BAND  AND  THE 
SHOCK  STRENGTH  AND  POSITION 


— K —  FREE  TRANSITION 
— • —  FIXED  TRANSITION 


02 

OS 
01 
0  ] 

Pif.  33  Bxuple  of  Reynolds  ntmbor  effects  on 

pressure  dlatrlbutlon  in  leedlnf  edce  region 
for  IntermedlAte  lUcb  nuatbere  (ref.  27} 


Fig.  31  typleel  recMOMnded  boundary  layor  atrip 

poattioaa  for  the  aft-fixetlon  teebnique  la 
the  llft^Mach  nuaber  plajie  (ref.  31) 


S.  CM 


Pig.  34  Bxaaple  of  Reynolda  nuaber  influence  on 

vortex  foraation  for  delta  etng  configuration 
(ref.  34) 


AT  R,  TRANSITION  FOLLOWS  FROM  TOLLMIEN-SCHLICHTING 
'  INSTABILITY 


AT  R^  LCAOING-EOQE  CONTAMINATION.  FOLLOWED 
POSSIBLY  BY  RE-LAMINARISATION  AND  THEN 
TRANSITfON  THROUGH  TOLLWtEN-^HLICHTfHG 
INSTABILITY 


AT  R3  leading-edge  CONTAMINATION.  FOLLOWED 
POSSIBLY  BY  RE-LAMINARISATION  AND  THEN 
TRANSITION  THROUGH  CROSS-FLOW  INSTABILITY 


AT  R^  TRANSITION  FOLLOWS  FROM  CROSB-FlOW 

instability  if  leaoino^eoge  contamination 

WERE  ABSENT 

Flf.  38  Bxample  of  varloue  tranaltloa  types  tor 
aeapt  leading  edge  (ref.  33) 


SEPARATION 


TRANSITION  REGION 


fULLY 

TURRULENT 

SEPARATION 


fl#.  39  Effect  of  tko  otato  of  tha  Sooatfary  la^r 
oa  aaxtaqo  aldo  foreo  for  aa  oglvo  body 
(rof.  43) 
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II  9®  TRIPS  OFF 
3  ®  straight  TRIPS 
(^HELICAL  TRIPS 


1  (D  helical  TRIPS. 

ISO®  ROLL 


(D  HELICAL  TRIPS, 
TRUNCATED 


ff)  HELICAL  TRIPS. 
^  l/2*DIA. 


HELICAL  TRIP  CONCEPT 

Flt«  40  Isaaplo  of  tha  uaa  of  haltcal  trip  vtraa  for  ofira  bodiaa  (raf,  43) 


Pig.  41  Iffact  of  iraoaitloB  atrip  loeatioa  oa  ahach  poaittoa  for  a  tlghtar  coaflgaratloa  aaar 
baffat  ooaat  (raf.  44) 
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SUHAW 

Miilo  wind  ttnmlB  have  new  been  uacd  for  ihoat  a  cantuiy  to  chtain  petfonance  data  for  vehicles  to 
be  used  in  ataomterlc  fli^it,  there  are  still  nuBaious  unoertalntics  and  aabiguities  in  the 
interpretation  of  the  data  and  in  reliably  extrapolating  that  to  flifbt  conditions.  Thaae  issues  have 
bean  recently  ad&eaaad  by  the  KSno  Fluid  tynaeiice  Benel  Nocking  Gr^  09.  Diia  paper  is  a  rapoct  of 
Ooanittae  2  of  the  workiiq  groiv  -  that  ccBBlttce  having  undertaken  the  develofaant  of  a  boixidacy  layer 
sixKilatioiv/extrapolatlon  nekhodology. 


1.  mrixiiucnoH 

The  siaulation  preblcai  in  wind  tunnels  can  be  divided  into  two  parts  -  far  field  and  near  field. 

The  first  of  these  reoojiiaes  the  finiteness  of  the  wind  tunnel  as  ocnpared  to  the  infinity  of  the  flight 
doaadn.  Techniques  have  baan  proposed  for  assessing  the  blockage  and  interference  effects  due  to  the 
finite  diaansiona  of  the  wind  tunnal.  Kore  recently,  such  attention  has  baan  given  to  the  ad^kive  wind 
tunnel.  Tba  naac  field  siaulation  la  referred  to  as  viscous  or  bouidacy-layer  siaulation  since  it 
involves  adjusting  the  boiattety  layer  conditions  on  a  acdel  in  such  a  way  that  the  ceaults  can  be 
reliably  oorracted  to  fll^  Reynolda  nabers.  This  is  usually  done  by  soee  for*  of  boundary  layer 
tripping  since  transition  locations  in  flight  are  likely  to  occur  at  aanllec  fractioais  of  chord  or 
fuselage  length  than  in  the  wind  tunnel. 

The  full  rapoct  of  the  ocaadttee  whose  coAents  are  shown  in  Table  1,  will  appear  aa  Chapter  3  of 
the  report  of  Nocking  Group  09.  That  cqxirt  presents  the  catlniale  of  a  siaulation  sethodology, 
daacrlbas  the  eiperiasntal,  craputatlonal  and  eaplclcal  procedures  that  ace  needed  to  iaplasient  such 
acthodologies,  and  finally  develops  detailed  aethodologies  for  the  three  cases  of  tranqxxct-type 
cxxifigurations,  ocafaat  aircraft  configurations  and  slender  bodies  or  xiissile  shapes.  It  is  of  course  to 
be  ceooyilxcd  that  the  nethodologies,  trips  and  scaling  procedures  would  be  different  for  each  of  the 
fll^  cegiies  -  subsonic,  transonic,  supersonic  and  typerscnlc.  The  cnphasis  in  the  activity  of  the 
working  gcocp  is  decidedly  on  the  transonic  cegix*.  The  present  pepec  outlines  the  general  franewocfc  of 
a  siaulation  nethodology  and  is  based  princ4>ally  on  Section  3.2.1  of  the  cxxnnittee  report.  The  authors 
of  that  section  are  K3,  Baines  and  A.  Elsenaar. 


2.  cgvhxxhg  a  suuuffioh  snsrat 


A  siaulation  aethodology  is  the  underlying  rationale  for  relating  wind  tunnel  results  to  flight 
conditions.  Such  aietbudologles  are  not  unique,  and  are  in  scse  wys  dependant  on  the  ptencncnon  being 
siaulated.  A  aathodology  once  chosen,  will  require  the  application  of  boundary  layer  ccaitcols  or  trips 
to  iaplanent  the  siaulation.  The  aethodology  a^  dicute  aultiple  tests,  each  with  a  different  trip 
location.  Finally,  the  wind  tmel  results  aust  be  analysed  and  extrapolated  to  the  conditions  of  the 
full  scale  vehicle  in  fll^.  This  is  aoccapllahed  within  the  dictates  of  the  siaulation  aethodology 
using  ooaputatlonal  fluid  clynaadcs  (OT)  techniques  or  well  based  eapiricisn.  The  extrapolability  of  the 
test  resulte  is  an  iaportant  issue. 


3.1.  ocganixing  Concept 

Tba  orgMiixing  concept  underlying  aiy  of  the  nethodologies  is  the  correct  siaulatien  of  each  of  the 
flow  raglMB  that  nlrftt  be  idHitlflad  in  a  lift  ooeCficitnt  (or  anglc-oC-attack)  vs.  Kach  nuaber  nap  for 
tba  ooitfiwation  to  ba  tested.  Thase  regisw  ate  dSfhied  by  the  vsrioue  shock-bounAry  layer 
intcractiom  or  aeparationa  or  ooabltnftiona  thereof  that  eight  appear,  for  transport-type  oosClgucations 
there  is  note  or  Isas  a  single  gnwtlc  aap  euch  as  that  rtaxei  in  Figure  1.  For  ooabst  aircraft 
ccrflgcaatlm  there  are  a  nuaber  of  different  cases  that  have  to  be  oonsidnred  depending  on  nnep  angle, 
thiokmae  ratio  of  tha  wing,  loading  sdgs  shape,  etc.,  aaking  the  situsUon  a  bit  aorc  ooaplax.  in  all 
caaaa,  tha  attaint  is  to  diplioate  the  fli^  pcessura  dietrihatlfln  as  closely  as  poaslble  in  the  wind 
tunntl  so  that  tM  principle  extrapolation  wUl  ta  with  raspeet  to  Mpnolds  laaber.  This  raquites 
eerafUl  attmtion  to  repr^lng  shock  locations  and  tbs  (hsrseter  of  the  shock-weve  beundaty-layar 
Interactlona  ttirough  tripping. 


KMVtTP  Narking  Group  09.  The  other 


•  Oiairnan,  Ooasdttec  on  siaulatlon/Kxtrapolaticn  Mathodology,  _  _ _ , 

aeabers  of  the  coeaiittee  are  C.  Amend,  T.T,  Chan,  A.  Flsenaar,  A.B.  Baines,  Ji.  Potter  and  GJ.  Fusso. 
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It  Mist  ba  anihflMd  that  tfaarc  la  far  Bata  to  a  aiaulation  aaUiadology  than  dacUing  Mbatber,  bow 
and  abara  to  fla  tianaitlon.  Action  ia  raqulrad  faafoca,  during  and  after  tbe  actual  tinal  teata.  OD 
codas  abould  be  uaad  ahead  of  the  testa  to  gain  an  early  idea  of  the  nature  of  the  flow  over  tbe  andel  to 
be  taatad  and  of  eiiare  and  bow  this  flow  ia  likely  to  be  subject  to  laicartaln  scale  tffOcts.  Dils 
knwladge  will  help  to  define  tbe  detail  of  how  to  control  tbe  boundary  layer  over  the  nodel  in  the 
tianel  tests.  9ie  asperiasntal  progras  abould  than  Include  an  in-^apth  stik^  of  the  viscous  effects,  the 
ala  being  to  rsAne  the  unoertainties  in  the  final  [baae  after  the  tesU  wban  tbe  daU  have  to  be 
eatrapplated  to  full  scale  conditions.  Oi  tbe  asaiaiption  that  the  eantlsiB  tunnel  test  Raynolda  ninfaer  is 
less  than  the  full  scale  value,  it  should  be  racoaOsad  that  sons  astrapolation  of  the  data  will  probably 
alMys  be  required.  Only  on  rare  occasions  will  it  be  possible  to  find  a  test  technique  that  will 
provide  a  coapleta  sinulatlon  of  the  full  scale  viscous  flow  in  all  its  ivortant  respects. 


2.2.  Types  of  Scale  Effect 

The  sinulatlon  atetbodology  has  to  address  two  typee  of  scale  effactt 

(1)  ^rect*  Eaynolda  mater  (or  vlaccus)  effects  arising  as  a  result  of  etumges  in  tbe  boundary 
layer  (and  take)  dsvelopamt  for  a  fined  or  'frosan*  pressure  distribution.  Exai^les  of 
’direct*  effects  range  fros  the  Mil  krtoai  variation  of  akin  friction  with  Beynolde  nuter  for 
a  given  transition  position  to  oiaplca  issues  such  as  changes  in  tbe  length  of  a  abock  induced 
separation  bibble  for  a  given  pressure  rise  througb  the  shock. 

(ii)  *lndlrect*  Mynolds  mater  (or  viscous)  effects  associated  with  changes  in  praaaure 
distribution  resulting  fros  changes  with  Eaynolda  mater  in  the  bounfbry  layer  aid  wdie 
develoiBiiii.  As  an  eaasiile  of  an  ’indirect*  effect,  one  can  note  that  changes  in  boiaidnry 
l^r  diaplaceasnt  thickness  with  Eeynolds  mater  can  lead  to  cbangas  in  mteccritical  flow 
developaHnt  and  hence,  in  aback  poeltion  and  abock  strangth.  Banoe,  a  change  in  wave  drag  with 
Raynolds  mater  at  a  given  or  incidance  can  appear  as  an  ’indirect*  viscous  effect. 


Strictly,  this  distinction  (l,il)  betMen  Wract*  and  ’indiract’  scale  effect  ia  nercly  a  convenient 
artifice  to  siaplify  the  of  tbe  effects.  It  is  an  artificial  distinction  baoanne,  in 

practice,  the  two  types  of  effect  are  always  cooplad.  Nhan  the  flow  is  aihcritlcal  and  fully  attached, 
one  can  often  safely  i9iace  this  oo^iling  becsues  the  Indiract  effects  will  be  relatively  assll  but  %hen 
shock  waves  are  present  and  even  aore  whan  there  is  a  tandeiKy  for  the  flow  to  saparate,  this  oaip>ling 
can  be  very  lapoiksni-  In  OB  team,  ^stnng  coupling*  implies  ttiat  the  flow  has  to  be  oelcnlsted  by  a 
Mthod  capable  of  allowing  for  strong  as  Mil  as  aerely  weak  interactions  betMi  the  inner  (viscous)  aawS 
outer  (invlscld)  flow  fields.  At  the  present  tine,  (1987),  such  sethoda  are  oaUy  in  the  early  atagaa  of 
develcpaent  and  even  when  they  have  been  developed  in  tlte  future,  it  is  poeeihle  that  tiiqr  will  still  be 
too  costly  and  tiaa-oonsuaing  to  use  in  routine  applications  of  a  aiaulation  asthodology.  Beawa,  the 
boundaries  narking  tlie  appearance  of  flow  pbanMata  giving  rise  to  strong  interactions  arc  of  particular 
sl^Ofioanoe  in  the  conteaft  of  a  slaulstlan  aetliadology.  Ehile  the  interactions  arc  weak,  one  can  rely 
on  cn>  predictions  that  can  be  applied  in  practice  as  a  guide  to  tin  estrapolation  fron  aodel  to  full 
scale  but  where  the  interactions  are  strong,  naaautid  trends  will  have  to  fora  tin  basis  for  tin 
estrapolation.  The  sin  for  a  good  sinulation  inUndology  Bust  be  to  bring  these  boundaries,  if  possible, 
within  the  rsame  of  the  tests. 


2.3.  lOqperinentsl  Approadi 

The  approach  adopted  for  the  in-depth  study  of  tbe  viscous  effects  is  tin  osntral  feature  of  the 
sinulation  asthodology.  Broadly,  there  are  two  possible  approachess 

(i)  Mynolds  nuter  iMips  in  which  tbe  nodel  is  tested  over  a  range  of  Reynolds  mater  with 
transition  fined  at  a  position,  probably  near  the  leading  edge,  that  is  close  to  tdnre  it  is 
forecast  to  occur  in  flight  at  full  scale  R^nolds  mnbers, 

(ii)  Kith  sonipulstion  of  the  bcundhty  layer  to  produce  a  viscous  flow  behavior  closer  to  that 
forecaat  to  occur  at  full  scale  Rqnolds  maters.  In  practice,  at  the  present  tine  (1987), 
this  ioplies  using  the  aft-fislng  technique  in  ihicb  tbe  boundary  layer  is  allowed  to  rasain 
laoiinsr  over  the  focMcd  part  of  the  sicfaoe  and  transition  is  then  tripped  at  a  position 
further  oft  than  in  flight.  In  other  worde,  this  approach  will  ^ioally  involve  a  sweep 
throu^  a  range  of  transition  positions. 

Mienever  possible,  both  these  approadiee  should  be  proctioedi  this  will  give  added  confidence 
in  the  final  estropolotiom  Thble  II  aamerises  the  relative  serlts  of  the  two  ipproaches. 

Tbe  first  SHpcoecb,  le  Mynolds  mater  sMepa,  con  strictly  only  be  pcacticsd  in  a  variable  pressure 
(or  taqperoture)  t«nsl.  Tbe  available  taot  Rqfnolda  nuter  con  be  fortfaar  aktendad  tg  tasting  a 
coaplanantary  half  nodel  to  a  different  scale,  typically  1.4  to  U  a  the  scale  of  the  basic  ooq^lete 
nodal,  one  would  not  anet  to  be  able  to  create  a  single  carve  of  aay  Cp  ajhiM*  Mynolds  mtecr  at  a 
given  <V  diiaetly  f ttn  m  naaourad  rasalts  foe  the  two  nodhls  but  by  overlagbing  the  teat  Mynoldn 
nuMer  names  for  Oa  two  nodila,  the  trends  tiumngh  tba  lialf  nodal  *ta  eon  Ea  ussd  as  a  bau  for 
astrapolatliig  the  results  foe  tha  coaplata  nodal  on  to  tha  tost  Mynolds  mater  for  the  half 

nodal.  Ivan  whan  Uw  taota  are  being  aade  in  an  ausaghartc  tanml,  tests  on  a  eamlanantary  half  nodel 
can  still  ba  hatful  ia  aauhliahing  trenfo  with  Mynolds  nuter  bat  since  ttnra  is  than  no  overlap  in 
the  data,  great  oara  has  to  ba  taken  in  intcriEatiag  tha  mnpatiaon  in  visa  Of  tha  iiMrent  doubts  about 
the  ahaolute  acoucacy  l>al<  nodal  data,  aaarly,  tbe  etna  for  orploitlng  tha  aaoond  aypreneb,  la 
nonipnlatlng  Om  houndhry  layer  ly  aft-Cialng,  will  be  graotar  if  the  taata  are  being  nadi  in  an 
atnoigbarie  tianel. 
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2.4.  Slanlatiian  Ocitarla 

lUzning  now  to  tbt  eboic*  at  aiaulation  critorion,  this  My  be  regaidsd  as  the  vital  crux  Issue  in 
the  defiaitlsn  «C  the  lAiole  sathadnlogy.  Ibeis  is  no  clear  corse  none  as  to  «bat  to  choose  and  iiccbahly. 
there  la  no  sin^o  crltaricn  that  will  serve  tor  all  test  ptograns.  Ihe  oorract  choioe  will  always 
deyand  on  tba  objactlvas  at  tba  particular  tast  pcogrw  and  it  will  pcohahly  always  be  prudent  to 
Intscpcst  Ite  data  on  tbs  basis  eC  nore  than  oeie  ocltsrion.  m  view  of  the  widely  dlfferant  capabilities 
of  lusly  potential  users  of  the  ssthodologlesf  it  say  be  helpful  to  put  forward  several  possible 
criteria  to  different  levels  of  raf inanenti 

la)  a  ssro-level  crltarioni  aaqr  to  apply*  not  dependant  on  the  particular  configuration  under  test. 

(b)  a  first  ordar  criterion  raprasanting  the  overall  integrated  scale  effect  on  the  prasaurc 
distribution  or  nore  probably*  aoaa  leading  feature  of  the  pressure  distribution*  audi  as  shock 
position  or  afaocfc  strength.  Ota  of  auoh  ciitaria  tends  to  ninlaiae  indirect  scale  effects. 

(c)  a  second  order  critarlon  based  on  the  looel  viaooua  effaeta  in  aoac  particularly  aansitive  local 
region.  Ibasi  tend  to  proute  a  nore  refined  consideration  of  indirect  scale  affects. 


OonsUhring  thane  ideas  in  nore  detallt 


2.4.1.  Ibc  aero-level  criterion 

At  this  level*  the  proposal  is  to  use  a  siaple  'flat  plate  aiaulation  criterion'  provided  in  Figure  2. 
Ibis  critaiion  is  based  on  the  requiraaant  ttiat  the  diaanslonlaas  boundary  layer  ncnentus  thicknesB  |e/c) 
at  the  trailing  edge  of  a  flat  plate  is  the  aaae  for  the  tunnel  test  Paynolds  niaber  and  aft  transition 
location  and  ter  the  effective  Rajeioldt  niaber  and  transition  at  the  leading  edge  (clearly*  a  different 
criterion  tnuld  have  to  be  used  tor  any  application  in  which  extensive  landnar  flow  was  cj^ected  in 
fll^).  this  criterion  provides  a  very  crude  drag  siaulation.  Figure  2  has  been  derived  using  siaple 
Inoagpreaslble  boundary  layer  relations  to  provide  a  aero-order  appcosiaation  to  the  direct  scale  effect. 
It  la  clearly  siaple  to  apply  in  converting  test  Reynolds  niaber  with  aft  transition  to  effective 
Riynolds  naher,  but  it  knows  nothing  about  aay  of  the  details  of  the  flow.  It  is  only  of  use  in 
converting  the  Reynolds  niaber  and  hopefully*  in  defining  whether  full  siaulation  is  poesible  in  the  test 
range  of  Raynolds  nabecs  aixi  transition  positions.  It  will  play  no  part  in  the  extrapolation  procedure 
bey^  the  effective  Reynolds  niaber  (if  this  extrapolation  is  required)  or  in  the  asesBaaent  of  Rcrit. 
Perhaps  surprisingly,  hcacver,  present  evidence  suggests  that  this  siaple  criterion  (due  to  Elsanaar)  is 
ranrkably  good  as  a  guide  to  the  oonversion  frca  the  aodel  test  Reynolds  nisber  (with  aft  transition)  to 
an  effective  Reynolds  nusher  (see  Section  23). 


2.4.2.  First-order  slsulation  criterion 

'First  order'  in  this  context  iapliee  that  t)ie  criterion  is  chosen  in  an  attsapt  to  represent  the 
overall  viscous  effects  on  the  oaplcts  pressure  distribution  rather  than  a  specific  local  viscous 
effect.  In  the  future,  it  aay  becoee  po^ble  to  use  a  nenlpulation  technlgw,  eg  distritiuted  suction, 
surface  cooling,  or  changes  in  the  nodel  shape,  that  will  produce  the  full  scale  pressure  distribution  in 
the  andel  tests,  but  at  the  present  tixc,  as  noted  earlier,  the  only  tool  that  is  generally  available  is 
the  aft-fixing  technique  idiicb  clearly  is  not  capable  of  achieving  this  idkal  obj^ive.  Rather,  the  aim 
Bust  be  to  reproduce  those  features  of  the  pressure  distribution  that  have  Be>st  iapact  on  tlie  aerodynanic 
characteristics,  eg  features  such  as  shock  strength  and  abode  position.  Kraft  in  his  contribution  to 
another  section  of  the  Norfcing  Group  09  report  statass  *unaquivooably,  the  hi^Mst  priority  for  a  proper 
siaulation  in  a  transcolc  wind  tumsl  bast  is  that  the  nodel  scale  test  luat  rcpcadooe  the  full  scale 
location  of  the  shock  wave*. 

Shock  position  nust  therefore  be  a  leading  candidate  for  a  first-order  similation  criterion.  Ihis  is  not 
a  surprising  conclusion  as  anst  of  the  early  exasples  (Refs.  1,  2)  of  serious  scale  effect  were 
associated  with  si9iif leant  dlfferenoes  in  diock  position  between  model  and  full  scale. 

m  scaa  instances  where  there  is  little  change  in  shock  position  with  Rqnolds  niaber,  shock 
strength  nay  be  a  better  slsulation  criterion  than  shock  position,  {hperietx*  suggests  that  it  ntv 
alwqa  dww  a  decrease  with  Rqrnolds  niaber  at  a  given  (f,. 

Shock  position  anchor  shock  strength  are  naturally  appropriate  criteria  only  when  the  flow  is 
supercritical.  Man  the  f  1(W  is  subcritioal*  eg  on  the  wing  lower  surface,  the  sost  obvious  advance  from 
the  sero-ordsr  criterion  is  to  use  the  calculated  non-dixansionel  amcntiai  thickness  at  the  wing  trailing 
edge  as  the  criterion.  In  this  way,  allowance  is  aade  for  the  affects  of  the  praesinc  distribution  on 
the  overall  viscous  effect. 

nos  list  of  shock  position,  shock  strength  and  nen-diaanBional  aunentuai  thickness  at  the  trailing 
edge  is  by  no  naans  eMustivo  of  tbs  eritaria  that  ailgbt  be  suggested.  For  eaaq;>le*  the  non-dlansional 
boundary  layer  diaplaoMSnt  tbicknaes  at  030c  is  another  paraneter  in  regular  use  (Ref.  3).  Even  if 
full  siaulation  in  terns  of  one  or  note  of  the  psraaeters  U  aebievad*  siue  extrapolation  will  still  be 
nsadsd.  Iha  virtuaa  of  using  aback  position  and  aboefc  strength  as  the  criteria  are  that  the  sibeequesit 
sstr^smiM  has  asrely  to  cope  with  the  dirset  effaotsi  adujiate  siaulation  of  the  ii^rect  effects  has 
slraailr  haen  obuinad. 

2.4.3.  sacond-oidsc  local  siaulation  criteria 

Ihsre  are  situations  idwn  the  gross  scale  effect  is  appsretitly  an  indirect  effect.  This  arisw 
beoausa  the  imUreet  effect*  eg  a  change  in  shock  position*  hss  been  aa^ilfied  by  an  interaction  with  a 
direct  effect  such  as  a  change  with  Rqnolds  naber  in  the  sqaration  characteristics. 
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A  liat  I  '  local  siiulation  criteria  related  to  the  direct  scale  effects  is  listed  belce  (the  first 
has  alraa^  Caen  Btnticnad  under  2AJ2. 

(1)  lbs  i»ai  illaaiailfiial  Tnulia  thicknaae  at  the  trailing-edge  relevant  for  the  oorwecEion  of  drag 
data. 

(il)  lbs  ncn-diaanaicnal  length.  Iw/c,  of  tba  sbock-induoad  a^aration  bUible  eq>resaed  as  a  function 
of  eitfaax  the  bomda^  layer  San^  thickness  (Bef.  4)  or  diaplaoaent  thickness  and  shafie 
factor  (Mf.  5)  iaasdiatcly  ahead  of  the  shock. 

(iii)  lha  parasater.  -  1).  pcciioaad  bg  Stenawaky  as  a  aaens  of  correlating  the  shock  upstream 

InfloMwe.  and  poMibly  relavant  also  to  the  state  of  the  boundary  layer  approaching  the  trailing 
edge  aaid  also  pessibly  to  the  davalrgaant  of  the  efaock-induoad  saparaticn  bubble. 

Cne  final  ocaaeant  abcut  tha  tenlnology.  A  aacoaid  order  criterion  should  mA  be  regarded  as  a 
refinwent  of  a  first  order  criterion.  A  aaoond  order  criterion  atteapts  to  match  s<ae  dhtailad  feature 
of  tha  preaaura  distribution  thought  to  be  relevant  to  a  particular  direct  scale  effect,  eberaas  a  first 
order  critarion  Mtaapts  to  natch  tha  model  aaid  full  scale  prassure  distributlona  in  an  average  aense  and 
thus,  ufaan  appliad  auocasafully,  should  largely  eliminate  the  indirect  scale  effects,  leaving  the  test 
engineer  with  tha  problem  of  estissting  all  the  direct  effects.  In  practice,  oaie  should  choose  the 
criterion  that  appsars  to  be  most  relevant  in  the  context  of  the  aim  of  the  particular  test  progrm  and 
one  should  attest  to  obtain  the  closest  approsdt  to  full  siaulstion  in  respect  of  this  criterion.  In 
any  event,  the  test  data  will  likely  have  to  be  extrapolated  to  full  ecale  to  allow  for  the  probable  lack 
of  full  sinilation. 


2.5.  Bxtrepolabllity  of  wind  tunnel  results 

In  ordar  to  dlsruns  the  extrepolability  of  wind  tunnel  data  to  fli^  Beynolds  numbers,  it  is  at 
this  point  neoesaaty  to  define  some  terms  that  will  be  used  in  assessing  a  nmber  of  simulation 
scenarios.  These  aret 


(a)  Effective  Rwnolda  BMbSL  (  ) 

lha  effective  Mynolds  nuaber  is  the  Reynolds  ntsber  for  the  full  scale  vehicle  under  flight 
conditions  that  has  the  same  simulation  criterion  as  the  wind  tiaawl  model. 

A  aiaple  fvaaple  can  be  given  with  the  aid  of  the  zero  order  simulation  criterion  of  Figure  2. 
Baaed  w  an  equivalent  9/c  at  the  trailing  edge,  a  flat  plate  model  tf  length  Reynolda  maber  of 
4  X  10°  with  a  transition  trip  at  0.4Sc  has  an  of  about  20  x  10°. 

Generally,  the  required  comrersion  between  Reynolde  noaber  end  transition  poaiticn  is  obtained  from 
CFD  calculations,  idsally  for  the  3D  wing-body  ccebination  but  realistically  at  the  very  least,  for 
an  sguivalcnt  two-dimensional  aerofoil,  and  daperxis  on  vbat  siaulstion  criterion  is  chosen  aa  a 
basis  for  the  convarsion. 

(b)  RevnOim  OitBt.  (  <*ctit) 

is  the  Rqawldh  maber  at  which  there  is  a  change  in  the  simulation  parameter  from  low 
Reynolds  maber  behavior  to  high  Reynolds  maber  behavior  (see  Figure  3). 

lha  dlfferanoee  between  low  and  high  Reynolds  maber  hahevlors  may  be  due  to  a  dange  in  the 
dominant  transition  mechaniam  betwean  tha  two  raglaae,  a  chaiqe  in  leading  edge  ■^^aration  behavior 
with  Reynolds  ramber.  or  else,  a  change  in  the  character  of  trailing  edge  separation  with  Reynolda 
maber.  Often  tha  change  is  not  as  abrupt  as  aboun  in  the  sketch  and  acac  Jud^ent  is  required  in 
identifying 

(c)  V 

la  the  tranaiticn  location  that  dvlioataa  on  tha  modal  the  fli^  value  of  the  siiulation 
criterion. 

An  axeuple  might  he  the  transition  looation  that  places  at  the  location  emected  on  the 

flight  vehicle. 


2.5.1.  Slmalatlon  soenarloe 


Five  passible  siaulstion  aosnsilos  ore  ahaan  in  Figs  4-8.  each  of  suoccesively  more  questionable 
extrepolability.  Although  tba  aiaulatlon  critarion  is  not  apsciflsd.  tfaass  dlagraam  have  bean  fkaxn  with 
diaanalonlass  dxiek  looation  in  mind.  Thasa  aonacloa  are  flmfTihad  in  turm 

d)  Fig  4:  <  Rfii^  <  aaiiana  teat 

This  is  the  siaplsst  oaset  tba  raaults  auw»*'  that  no  rear  a«acation  ox  other  strong  viaaoua- 
invlacld  intaractlona  will  be  rcaaaiii  in  flight  and  it  ham  pcovad  pemmible  to  tamt  with  a  transition 
pomitien  tajS)  that  ihoold  give,  in  tmoa  of  tba  ctieaan  sianlation  criteriorw  full  siailation  of  the 
fll^  bahavioct  no  extrapolation  raqulrad. 
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(2)  rig  5*  Rni#it  <  *crit  <  t«6t  Reff 

lUa  la  nally  a  adsdtvisioo  of  tarn  1  bat  Intatpcatatlai  cC  tte  data  la  aoie  uncertain.  On  ia(*i, 
the  eenelnaica  la  the  aahi  aa  tot  eaae  1,  la  full  oiaulaticn  of  fll^  lua  baen  achiavad  in  the 
toata  and  na  aaftnpolaticn  la  naoaaaaiy.  aoeevar.  thia  oonclnaion  taata  crltleally  on  ehethec  one 
OMi  tzuat  the  CID  oodM/aavacatlon  criteria  In  forocaating  that  the  floe  aacecationa  otiaervad  under 
taot  eendltiana  are  aqaivalant  to  thoaa  for  the  fli^  oondltlona. 

(3)  Pig  «f  <  aaxiaaai  toat 

Sana  eatragolatlen  rogulred  -  fron  aarlaiai  teat  to  IUi  but  thla  ahould  be  aanageable  on  the 
boala  of  the  tranda  fraa  on  calealationa  Includijig  aerely  tiXi  viaooiia/invlacid  interactiona. 


(4)  Pig  7t  Mniaoi  teat 

Raal  unoertalnty  la  now  craving  Im  the  aatra|)Olatlon  fraa  aarinrt  teat  to  a  foreoaet 
haa  to  ba  on  the  taola  of  on  aatrapolation  of  the  aaaourad  tranda  and  theOf  Tam  IWit.  to  Rfi  on 
the  booia  of  the  tranda  in  CPD  caloulatlcno,  it  ahould  ba  noted  that  oamot  and  nuat  nSTEa 
dbrlvad  aa  the  valuaa  of  >  at  ahich  the  catra|iolatlon  of  tha  aaaourad  datafotaraacta  the  OfD 
predfotlona.  Thla  Muld  ba  tantaomait  to  oayiag  that  theory  la  oasohla  of  foraoantlng  tha  flight 
raaulta  and  thara  there  la  no  need  for  tha  tiaaial  taoto.  anat  ba  obtained  by  uae  of  available 

aoplrloal  relatlona  and  tachnlguae  or  by  Intelligant  aatrayolatlon  of  tha  naaoured  trendo,  and  than 
tha  OD  oodoa  auat  be  uaad  aerely  to  catabllfo  foe  tranda  between  and  Rfn^t’ 


CS)  Pig  8i  HuiM  teat  <  Rfn^  <  Rcrlt 

Thla  ia  really  a  ofodlvialon  of  ceae  4  but  the  eatrvolatlon  la  even  nore  unoertain  becauoe  neither 
the  neaoured  nor  calculated  reoulte  will  be  capable  of  giving  ary  preciae  guidance  aa  to  the 
quantitative  conaequenoea  of  foe  fact  that  a  rear  avaration  (etc)  is  still  ejected  to  be  present 
in  fli^. 


It  euot  ba  strcsaad  that  Pigs  4-8  are  only  dlagranatlc  and  sivUtled.  The  real  situation  could  be  nuch 
nore  oonplioated.  Soan  general  points  should  be  notedt 

(1)  The  plcturea  have  been  drawn  on  the  basis  that  a  discontinuous  change  in  the  diraction  of  the  trend 
with  Mynolds  nuaber  occurs  at  8rr<»)  in  real  life,  it  is  ouch  nore  1  ikely  that  foe  foange  in 
direction  occurs  gently  and  aaoothTy  over  a  range  of  Reynolds  maber. 

(ii)  Tha  plcturea  iably  that  foe  changes  with  R  that  occur  beyond  R__i»  are  linear  and  aonotonic.  This 
ia  not  neoeaaarily  true  and  the  later  dlscuaslon,  for  loaaple  about  the  poaolble  uoe  of  abock 
poaltion  aa  a  sijnulation  criterion,  will  oonUin  evldenoe  that  the  variation  of  abock  position  with 
Roynolfo  nuaber  can  be  in  either  direction  and  one  can  envisage  rtaults  for  a  given  aerofoil  in 
whidi  the  aback  can  aove  forward  or  rearward  with  changes  of  Reynolds  maber  above  ^ 

direction  being  a  fwction  of  Reynolds  maber. 

(ill)  The  range  of  transition  positions  available  to  foe  test  engineer  will  be  subjact  to  various 
liailtations,  eg 

(a)  the  ability  to  eiBintain  lasiinar  flow  beck  to  the  desired  transition  position.  This  will  depend 
on  foe  tiawiel  turbulence,  acoustic  noise  spectrun  and  the  pressure  distrltution  over  the  wing 
surface. 

(b)  the  need  to  anaure  a  turbulent  boiaidBiy  liyer/foock  interaction. 

(c)  the  need  to  avoid  any  local  interaction  between  the  transition  trip  and  the  flow  near  the 
shock. 

(d)  the  need  to  eiiniaOse,  as  far  os  possible,  any  significant  disturbance  to  the  svercritlcal  flow 
develcpoant  over  tha  forward  pert  of  the  surface. 

Linltations  (b,c)  dictate  that  the  fUrfoast  oft  ocosptable  transition  position  in  tha  tunnel  tests 
will  be  at  least  0.1(>c  and  probably  OJSc  ahead  of  the  poaltion  of  the  shock. 

(iv)  The  choson  slaulation  criterion  is  ussd  for  both  the  variable  plotted  v  the  ordinate  scale  and  for 
foe  oonvecaion  of  tha  oodel  test  Rqndda  raber  into  an  effective  Reynolds  madserj  howaver,  foe 
value  ef  ^  naoasaarily  related  to  the  chosen  slaulation  criterion  as  this  criterion  nay 
hove  no  relevance  to  the  flow  ihmcnwamn  creating  strong  viaooua/inviarld  interaction  at  Rqnoldt 
nuaber  below 


Th«e  is  no  reason  in  principle  wty  a  glv«i  set  of  andal  test  dMa  ahould  not  ba  in  one  soanorio  for 
one  Biaulatlan  crltacicn  and  in  a  dlffarent  soaasilo  for  another  criterion.  Bgeriance  Is  lacking 
as  to  whether  this  situation  Is  llahle  to  occur  often  In  practice  and  whether,  if  so,  it  leads  to 
serious  preblans  in  knowing  how  to  eatrvnlate.  If  this  situstlon  arisas,  it  would  reinforoe  the 
early  sasaage  foot  to  be  sucoasotul  in  vpfyinp  the  ■sthodolcgy,  one  oust  undeistana  the  nature  of 
tha  flow  over  foe  configurations  being  tested. 


(V) 
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2.6  DM  oC  Dqiwlda  nafaec  iwng 

Hm  (UacuHion  in  Mctlon  2.5  hM  oonoHitntad  on  tho  liouidkiy  Imcr  ■nlfiilnUm  (tfcoach. 

HMvnr.  «hin  tfa*  tcaU  ar*  being  eada  in  a  variable  pceeeure  tunel,  there  in  an  additional  degree  of 
Ctaadgat  tbab  gm  be  aaploitad  to  enhatce  oonfidnoe  in  tke  final  raault.  Ibe  five  iwaalMe  aonarloe,  as 
diacBaead  in  aaetion  2.5J,  still  apply  but,  ae  noted  in  Pigurae  6-«,  the  amtiaua  aCfacUva  Mynolda 
nabar  is  turn  simply  the  eavleiai  true  Mjaioldi  nofaer  for  a  particular  nodal  oonCiguration  pmUti  that 
the  SeynoldB  nnbar  aMap  is  perfotnad  with  a  transition  position  aiailar  to  that  teeoast  for  fli^  at 
full  scale  laafaer.  M  noted  on  the  figures,  half  eodala  can  and  should  be  used  to  omloit  the 

ttanel  capabilities  to  the  full,  but  it  la  iaportant  to  preserve  an  overlap  in  test  Saynolda  mnber 
batnaan  the  half  nodal  and  ooaplete  nodal  testa,  fbis  is  baoauae  the  half  nodal  tast  should  not  be 
fVtctai  to  pcovlda  absolute  ^bta  but  Aould  be  viewed  as  a  dadioatad  ai^erianit  with  a  specific  ain  of 
investigating  detailed  Mynolda  nnber  effects. 

In  aany  variable  pressure  tunnels,  it  ia  possible  to  change  the  Mynolda  nnber  by  a  factor  of  about 
2.5  for  a  given  nodel  and  than,  by  uae  of  the  half  aodel,  to  obtain  a  further  increase  by  a  factor  of 
batwaan  1.6  and  2,  aoootdlng  to  tha  oonCiguration  gamatiy  and  Nacfa  nnber  range  of  tha  particular  tests, 
in  other  words,  a  Baynolda  maber  awaap  ovar  a  rangs  of  batwaan  4tl  or  5tl  abould  ba  poasible  but  thia 
■•sr  ably  be  aaaadisb  lees  than  onad  be  adiieved  in  in  favorable  oaaaa  ^  use  of  the  boundary  layer 
sanlpulation  approach.  Ona  ni^  find  that  tha  raaultstta  in  aoanario  5  with  aft  fixing  or  Boonarlo  4 
with  a  Bqpnolda  anbar  awaap  but  tha  signif  loanoa  of  Uiis  point  oould  ba  oCfsat  ty  the  fact  that  sens  of 
unoartaiiblaa  of  faaing  in  aoanario  4  wxild  ba  laas  iaportant  with  a  Mynolda  niabar  maap  whara  the 
data  ara  balng  plottad  againat  true  teat  Mynolda  nnber  rather  than  a  emnbet  prcblaantic  affactive 
nnber.  Mao,  in  practloa,  the  bouateiy  layer  aanipulatlen  ipprueeb  is  abject  to  varioue 
linitationa,  particularly  iban  appliad  to  the  noderata  or  aaBll  aspect  ration  wings  cf  ooabat  aircraft. 
n»  weak  and  strong  poinU  cf  tha  two  tachniguas  ara  aunaritad  in  ISbla  ll.  It  uy  of  course  be  useful 
to  use  both  rpproechea  baoauae,  if  ona  can  astbiliab  tint  the  trends  ia  relation  to  true  heynolda  nuabet 
in  the  Mynolda  nnbar  Map  and  effective  Beynolde  nnber  in  tha  transition  Map  ara  the  sane,  it  will 
obviously  greatly  Increeea  oenf  idanoe  in  tha  interpretation  of  the  tast  data. 


3.  sme  IN  ne  nu.  snuuncK  tmrmm 

The  dlaouBsion  has  now  raachad  the  point  where  the  iaportant  oonoepts  in  the  above  [bilaao[4v  can  be 
asaaablad  into  a  full  eethodology.  The  steps  in  the  rsocaaanndad  general  aethodology  can  be  set  cut 
briefly  as  followsi 
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Miaad  of  tha  taata,  laam  about  the  tuwial,  tha  nodal  and  tha  tast  objactivae.  Identify  the 
iaportant  dasign/oparating  conditions.  In  tha  raferaneas  below  to  m>  calculations,  it  is  assinad 
that  at  tha  daaivvoparatlng  oanditkna  for  ibicb  thM  oalcolatim  ara  aadt,  tha  flow  is  aithec 
ooaplataly  attachad  or  only  includM  loeal  aaparationa  naac  the  leading  edge  or  trailing  edge  or  at 
the  foot  of  tha  bnck  to  tha  point  whan  thasa  aaparationa  devalop  in  a  dtMtic  faabion. 
Conditions  boyonJ  huffat  onaat  ara  tharaforc  aacludad  even  though  the  flow  under  such  oenditions  is 
of  najor  oonoam  in  testa  on  a  ocabat  aircraft. 


w  it  Praparatecy  Calculaticna 

Nnad  of  tha  tests,  ipply  CTD  codes  allowing  for  week  visooua-inviscld  interactions  to  lean  as  soon 
as  poasible  about  the  flow  over  tha  aodal  to  be  tested  and  whether  and  how  this  flow  is  likely  to  be 
aidClect  to  slgpiificant  acale  effects  of  either  the  direct  (change  in  boundary  layer  develo|eerit) 
type.  ThM  caleulatlcns  arc  nedt  for  the  desi9tv''opersting  conditions  identified  in  Step  1. 

Ahead  of  the  tests,  apply  the  acro-ordar  siaulstlon  criterion  (see  Section  2M1  and  Pig.  2)  to  gain 
a  first  idea  of  whether  it  ia  likely  to  be  possible  to  find  a  transition  poeitlon  in  the  nodal  teats 
that  will  sinulate  the  full  soele  behavior. 

Pinelly,  ehaed  of  the  taets,  oalculatc  the  values  of  below  whim  a  strong  viecous-inviacid 
interaction  such  an  a  rear  separation  or  a  laiinar  eaparKion  near  the  leading  edge  is  predicted  to 
occur  with  the  foreceet  transition  position  tot  fll^  at  full  acale  Mynolda  raabei. 


B.  DUillB 


3,1  InitiM  Datm  Theta 

Start  the  tests  with  a  ganersl  ooverage  of  the  whole  test  envelope  to  find  whether  the  results  ere 
orttlcnlly  dMndwt  on  the  stats  of  the  boundary  layer,  eg  teat  with  both  transition  fixed  and  Ccee 
or  with  two  altemntlva  trannitifln  poaitionn. 


it  te-Oipa  Btudlr  of  viaeous  ECfscts 

ineladb  ia  tha  taata  an  in-dggUi  atu^  of  tha  vlaoone  aCCMt  althac  ty  ladarUklng  Mynolda  nnbat 
awa^  (in  a  vatiabla  density  tmnal)  or  ty  sanipulstiag  tha  boundhty  layai,  ag  ty  a  Map  thcoMpi  a 
rnga  of  tranaitlon  position  (in  an  ataea^nric  tunnal).  Rharsver  poasibla,  both  approadua  ahould 
ba  practiead.  Mao,  wtionavar  poasibla,  attand  tha  IByiiolda  nadsar  awaap  to  hl^iar  Mynolda  noMers 


ty  twting  a  ai|>l«Mntaiy  half  aoaal,  tha  teats  on  the  oopleU  and  half  aodal  balng  arranyad  to 
ovarlap  In  a  oactain  range  of  MpioldB  mater.  Qie  bounkty  ItyK  aanipulation  atpnteh  is  aipliyad 
fee  tHO  raasonsi 

(i)  to  siaulate,  as  far  as  poeeihla,  the  full  scale  viscous  f  loa  bdaavior  in  the  aedel  tests, 

(ii)  to  include,  if  passible,  ^  ^  ■^■bge  of  effectiva  Reynolds  maeber. 


C.  MTERIBETBSIS 

atP  if  COnsolldatlan  of  Ostar  Bttablistaaant  of  Maasurad  Trends 

Mtar  tha  tosta,  taka  the  raaolts  ti<m  tha  Reynolds  nuater  aisera  and  plot  appropriate  paraneters, 
ag  shock  position,  shock  strsngth,  Cn  etc  at  a  glvan  Cr  against  Rwnolda  mtear.  Plot  both  the 
aaasursd  and  omputad  raaolts,  caparison  of  the  saasurad  and  pcauctad  trends  will  provide  a  check 
on  tha  pcadlctad  values  of  and  say  laad  to  revisad  astiaatas  of  Rcrit* 

(including  the  tasts  on  any  oaplanantary  half  nodal  have  astondad  to  beyoeid  Raiusit'  ^  results 
ara  directly  agplloahle  to  full  scale  conditions}  If,  as  is  nore  likely  in  gmSSa,  the  tasts  do  not 
axtond  ip  to  R«n^,  the  results  have  to  be  extrapolated  by  extending  the  aaasurad  trends  to  tWtt 
and  then  follMBftba  oaiprted  trends  fro*  R„jr  to  tIfUM,  care  being  taken  to  rosster  that  it 
is  unlikely  that  any  sharp  dlaoontinuoua  change  in  tha  sl^  of  the  trends  occurs  at  Rc^if 

After  the  tasts,  the  aaasurad  results  f ren  tests  using  tha  boundary  layer  aonipulation  approach 
should  be  plotted  against  an  effective  Reynolds  mater  defined  as  the  Rqnolds  mater  that  would  be 
nasdad  if  transition  ware  fiaad  at  the  position  for  fli^  at  full  scale  Reynolds  mater  to  produoa 
the  viscous  flow  behavior  obtained  in  tha  nodal  test  with  aft  traetsition.  The  conversion  to  an 
effactlve  Rpnolda  nwter  should  be  baaed  on  either  tha  zero-order  sisailation  criterion  (sea  Section 
2.4.1  and  Fig  2)  or  ehatever  first  order  or  second  order  criteria  that  appear  to  be  particularly 
relevant  to  the  test  objectives. 

Copare  the  naasured  traetds  against  effective  Rpnolds  mater  in  results  such  as  shock  position, 
shock  strength,  Cq  and  Cw[y.  These  characteristics  ate  chosen  because  they  ace  particularly 
sensitive  to  tha  extra  nteous  effects  which  occur  below  coapacisen  between  measured 

and  predicted  trends  provides  a  check  on  the  estlsates  of  Ruit* 

Use  tha  graphs  produced  above  to  identify  which  is  the  relevant  scenario  of  the  five  discussed  in 
Section  2jj  (sm  Figures  4-8).  Rsneatec  to  check  on  the  basis  of  nore  than  one  siaulation 
criterion. 


sitP  £)  Extrapolation  to  Full  Scale 

laplteant  tha  extrapolation  procedure  for  the  apprepriate  scenario  as  described  in  Section  23.1. 
The  procedures  as  described  may  appear  laborious  but  rcMster  that  the  full  procedure  will  probably 
only  be  followed  to  provide  the  beet  possible  extrpolation  for  the  iipoctant  deslTi/operating 
conations  identified  in  9t«p  1. 


Tha  procedure  as  described  above  is  set  out  in  much  nore  detail  in  the  separate  methodologies  for 
transport  aircraft,  ocstet  aircraft  and  missile  shapes  in  the  full  working  Grorp  09  report.  It  will  be 
realised  that  in  order  to  introduce  the  philoscpty  in  a  reasonably  clear  manner,  various  gross 
sisplifloaticns  have  been  made  in  the  outline  above.  Ihrases  such  as  'testing  with  a  certain  transition 
position'  suggest  that  the  test  configuration  is  merely  a  two-dismnslonal  aerofoil.  Bowaver,  to  extend 
the  natbodology  to  the  hl^  aqect  ratio  wing  of  a  subsonic  trMport  is  not  difficult.  For  the  lower 
aspect  ratio  wing  of  a  costet  aircraft  there  has  to  be  much  aore  esphssis  on  the  ooaplex  flow  patterns 
that  con  be  encountered  but  the  sasie  philosophy  can  still  be  followed  in  principle.  In  all  cases,  ihe 
recipe  for  sucoees  is: 

(a)  Onderstond  the  nature  of  the  flow  over  the  test  configuration. 


(b)  Cover  as  wide  a  range  of  Rq^lds  tsmter  or  effoctlvo  Rayiwlds  maWser  as  possible. 

(c)  Be  guldsd  by  past  experieiKe  but  do  not  neoesssrily  repaot  rhat  one  did  with  the  previous  design. 
It  all  depends  on  idwtber  tha  flow  is  precisely  the  smssr  even  if  tha  two  dssiffw  cone  ftoa  the  sai 
family,  this  is  unlikely  to  be  true,  sg  both  the  maxlmimi  affective  Reynolds  mater  and  IWit  oould 
be  diffarant  and  the  results  for  tha  two  wings  could  be  la  different  soanarlos. 

(d)  Ohless  one  is  absolutely  sure,  avoid  short  cuts  and  aiapllf  Icotlons. 

(e)  Do  not  assuaa  any  rasultsi  Hlnor  alterations  in  oonfigurstion  osn  yield  significantly  different 
aeroftynamics. 


4.  GGMOIDIIC  RBWK 

The  present  paper  outllnaa  tha  rationale  lariarlying  the  siaulation  nstbodologlaa  developed  by  ACRID 
PEP  working  Gkoup  09.  It  is  a  first  step  in  tbs  ottaipt  to  codity  and  lystamatise  the  bast  of  our 
oiaulation  capaDllitlas  to  data  and  to  provide  tbs  tr—ir  ik  for  furtbu  iaprovanonts.  such 
nstbodologias  ate  thair  aueesasora  will  ba  an  asasnUal  cesponanL  of  tbs  aophistloatad  wind  tasnal 
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testing  and  evalustion  pcooedures  to  whidi  we  aepire.  the  fact  that  these  nethodologlee  are  now  written 
dowi  nakes  that  available  to  the  larger  wind  timel  testing  ccssunity  and  should  lead  to  an  overall 
iaproved  confidence  in  the  test  results  for  the  increasingly  cosplex  configurations  that  we  seek  to 
evaluate. 
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TUde  n.  RtLATlVE  MERITS  OF  MANIPULATION  IBY  tfT  FIXATION)  AHD  REYNOLDS  WUHBER  SWEEPS 


SIMULATION  eV  EXTRAPOLATION  FROM 

B  L  MANIPULATION  REYNOLDS  NUMBER  SWEEPS 


la  APPLICABLE  FOR  ALL  WIND  TUNNELS  , 

(PROVIDED  RE-  a  2  X  109  t  PROBABLY  c  12  x  lO") 

2a  MAY  BY-PASS  'CRITICAL  EVENTS',  eg  DISAPPEARANCE 
AT  Rtdit  of  rear  separations  FORECAST  NOT  TO 
OCCUR  AT  FLIGHT  REYNOLDS  NUMBER;  UNDER  CERTAIN 
CONDITIONS  (SEE  3a)  POSSIBLE  TO  HATCH  FLIGHT 
PRESSURE  DISTRIBUTIONS;  ONLY  LIMITED 
EXTRAPOLATION  (eg  FOR  DRAG)  REQUIRED 

3a  A  REGION  OF  LAMINAR  FLOW  AHEAD  OF  THE  SHOCK 
REQUIRED;  THEREFORE  ONLY  APPLICABLE  FOR 
CERTAIN  REGIONS  IN  C|^  -  M  PLANE 

4a  UNCERTAINTY  INTRODUCED  BY  VALIDITY  OF  THE 
SIMULATION  CRITERION;  MAXIMUM  SIMULATED 
REYNOLDS  NUMBER  DEPENDS  ON  CHOICE  OF  CRITERION 
AND  PRESSURE  DISTRIBUTION,  HENCE,  C|^  AND  H 

Sa  THREE-DIMENSIONAL  EFFECTS  COULD  CAUSE 
DIFFICULTIES  NEAR  ROOT  AND  TIP 


6a  REQUIRES  A  NUMBER  OF  TUNNEL  RUNS  WITH  VARIABLE 
TRANSITION  STRIP  SIZE  AND  LOCATION;  SHOCK  WAVE 
POSITION  MUST  BE  MONITORED  RELATIVE  TO  STRIP 
LOCATION  TO  AVOID  SPURIOUS  EFFECTS  IN  REGIONS 
WITH  SUPERSONIC  FLOW 


lb  APPLICABLE  ONLY  FOR  VARIABLE  DENSITY  TUNNELS 


2b  THEORY  IS  REQUIRED  TO  PREDICT  'CRITICAL  EVENTS' 

IN  REYNOLDS  NUMBER  RANGE  BEYOND  TUNNEL  CAPABILITIES 
AND  TD  PREDICT  TRENDS  AFTER  THE  CRITICAL  EVENT 


3b  CDNTINUOUS  INFORHATIDN  IN  C;^  -  M  NUMBER  PLANE 


4b  EXTRAPDLATIDN  ERROR  DEPENDS  ON  TUNNEL  REYNOLDS 
NUMBER  RANGE  RELATIVE  TO  FLIGHT  REYNOLDS  NUMBER 
AND  DN  WHETHER  'CRITICAL  EVENTS'  DCCUR  OUTSIDE 
TEST  RANGE 

5b  THREE-DIMENSIDNAL  EFFECTS  DD  NOT  REPRESENT  AN 
ADDITIONAL  PROBLEM  BUT  COULD  ACCENTUATE 
DIFFICULTY  OF  2b 

6b  REQUIRES  A  NUMBER  OF  TUNNEL  RUNS  TO  ADAPT 
TRANSITION  STRIP  SIZE  TO  REYNOLDS  NUMBER; 
SPURIOUS  TRANSITION  STRIP  EFFECTS  RESTRICTED 
TO  LEADING  EDGE  REGION  BUT  MIGHT  STILL  BE 
SIGNIFICANT 


AA  :  UMTY  OF  COMPLCreUr  SUBCPOWM.  FLOW 
SHOCK  UPSTNCAM  OF  FOMFMMO  laNO 

^  BUT  Momewio  aiM)  oau  msoommcnoco 

SHOCK  AFT  OF  FOMYWWVD  MAW* 

FOmwMK)  NAMO  OATA  RCCOKWCNOCO 

SMOCK  AFT  OF  MO  (MHO* 

MO  NAM)  Om  KeCOKMCNOeO 

SMOCK  AFT  OF  RIAN  MHO* 

=S:  NCAR  NANO  OATA  ReCOMMCNOCO 

- -  aOUNOamCS  for  TRAnJNO-eOOC  FRCSSUW  OWCROCNCE  (neO-ISR) 

NS  SMOCKS  Mown  AFT  KUKF  AMO  FORKWC  ASOVC 
YMCSC  MUNOMaeS 

lR.Lu.La:  BOUPOARKS  MFIwn  UFFCR  UMTr  OF  WLIOITY 

OF  RCSFCCnveur  forkbro.  uk>  and  rbar  bano  data 

•  .  STRICTLY.  SUFFICICNYlr  FAR  AFT  TO  AVOID  ANT  LOCAL  NtTCRFERBCe 
BETWeCN  ROUOMNeSS  BAM)  AND  THE  SHOCK  SIRENOIH  AND  R08TON 

Fit.  1:  C|,va.  Ikoli  rxaRiar  Rip  for  tnnaport  tOfR  oaaflnuratioiM. 

naglona  of  valldltF  ot  dsta  Hlth  difforwit  rouBbnaaa  beoda 
on  ■  vim  iNNper  aurfeoe. 


Fig.  2: 


Zero  level  siMiletion  oriterloB 


Due  to 

*  Change  in 
dominant  transition 
mechanism 

‘  Change  in  Le. 
separation  behavior 
withR 

'  Change  in  te. 
behavior  with  R 
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EXFBRlMBWrS  OH  BOUHDARY  LAYSR  TMUISITION  TRIPPING 
AT  liOM  REYHOLOS  HUHBERS 
by 
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Institute  of  Aerodynsmics  "Unberto  Nobile" 
University  of  Naples 
Faculty  of  En9ineerin9 
Piatsale  Tecchio,  80 
80125,  Naples 
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SUMMARY 

In  the  present  work  a  systenatical  experimental  investigation  has  been  undertaken 
with  the  aim  of  obtaining  sound  results  on  the  effectiveness  of  distributed  roughnesses 
in  tripping  transition  on  a  flat  plate  at  low  Reynolds  ninnbers. 

A  2.5  mm  band  of  double  stick  scotch  tape  dusted  with  sparse  carborundum  grains  has  been 
used  as  a  tripping  element  at  various  speeds,  ranging  from  11  to  17  m/s. 

Transition  location  has  been  detected  by  streamwise  traversing,  at  a  fixed  height  from 
the  flat  plate,  both  a  pitot  tube  and  a  hot-wire  probe;  also  relevant  velocity  profiles 
in  the  boundary  layer  have  been  measured.  When  needed  surface  flow  visualisation  has  been 
used  to  confirm  the  transition  position. 

A  good  correlation  has  been  found,  in  terms  of  the  critical  roughness  Reynolds  number 
needed  to  fix  transition  at  the  roughness,  with  the  results  found  in  the  open  literature. 


LIST  OP  SYMBOLS 

d»  roughness  diameter 
k*  roughness  height 
Ma  Mach  number 
q*  dynamic  pressure 

R»U^L/r  Reynolds  number  based  on  free-stream  conditions  and  reference  length  L(X,d,8*rO) 

R|^«Uj^k/V|^  roughness  Reynolds  number  based  on  roughness  height  and  velocity  and  kinematic 
viscosity  at  top  of  roughness 
U  *  free-stream  velocity 

local  streamwise  component  of  velocity  inside  the  boundary  layer 
V»  dc  output  of  a  hot  wire  anemometer 
X«  distance  from  leading  edge 
boundary  layer  thickness 
6  =  displacement  thickness 
9=^  momentum  thickness 
Vs  coefficient  of  kinematic  viscosity 

Subscripts 

cr-  critical  conditions 
k»  referred  to  roughness 
T»  transition 


INTRODUCTION 


Flight  at  the  low  Reynolds  numbers  typical  of  ultralight  aircrafts,  gliders  and 
remotely  piloted  vehicles  is  strongly  influenced  by  formation  and  bursting  of  laminar 
bubbles,  leading  edge  stall  and  so  on;  since  few  practical  theoretical  methods  exist 
taking  full  account  of  these  phenomena  extensive  wind  tunnel  tests  are  usually  required 
to  predict  the  flight  performances  of  a  given  wing. 


Correct  simulation  in  wind  tunnel  tests  of  these  complex  aerodynamic  patterns,  due  to  the 
even  lower  Reynolds  number  obtainable  on  a  reduced  scale  model,  often  requires  some  kind 
of  artificial  boundary  layer  tripping  in  order  to  reproduce  the  exact  transition  location 
experienced  in  flight  or,  alternatively,  to  control  the  boundary  layer  scale  at  a  desired 
location. 


Furthermore,  in  free  flight  location  of  laminar  to  turbulent  transition,  laminar 
separation  and  subsequent  turbulent  reattachSMnt,  leading  edge  and  trailing  edge 
separations  are  all  affected  by  the  presence  of  wing  contamination  arising  from 
manufacturing  processes  and/or  natural  accumulation  (joints,  rivets,  warping,  insects, 
ice  etc.)  acting  as  two-dimensional  or  three-disiensional  or  distributed  roughnesses. 
These  surface  roughnesses  by  modifying  the  aerodynamic  field  nay  cause  detrimental 
alterations  in  the  performances  of  the  wing.  It  is  thus  mandatory  to  test  these  effects 
in  a  wind  tunnel . 


i:: 


A. 
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Unfortunately  trying  to  influence  a  boundary  layer  at  very  low  Reynolds  number  is 
quite  difficult  as  has  been  frequently  fHit  in  evidence  in  the  literature  on  the  subject 
of  transition  tripping.  Klebanoff.  Sehubauer  and  Tidstroa  in  their  classical  work 
published  in  1955  <Ref.l)  found  that  a  lo%#er  limit  exists  for  Reynolds  number  below  which 
it  is  not  possible  to  trip  transition  with  a  two-dimensional  trip. 

In  1966  Braslow,  Hicks  and  Harris  (Ref.2)  found  that  for  length  Reynolds  numberr 
R^r  less  than  10  it  was  more  difficult  to  trip  transition  and  a  much  higher  roughness 
Reynolds  number*  R.  *  was  needed  with  respect  to  the  value  of  600  they  had  found  as  an 
average  from  hundreds  of  experisiental  data  on  three-dimensional  roughness  elements. 

Also  in  a  recent  work  by  Bloch  and  Mueller  (Ref. 3)  difficulties  have  been 
encountered  in  attempts  to  affect  the  boundary  layer  behaviour  in  tests  performed  at 
chord  Reynolds  numbers  ranging  from  80000  to  200000.  The  authors  found  that  roughness 
height  prediction  methods  to  fix  transition  location  in  this  range  of  Reynolds  numbers 
are  insufficient. 

There  are  therefore  sufficient  motivations  to  justify  a  direct  experience  in  this 
field  that  is  furthermore  strongly  dependent  on  many  environmental  parameters:  wind 
tunnel  turbulence*  difficulties  in  reproducing  with  a  good  confidence  the  tripping 
device,  wind  tunnel  noise  etc. 


BOUNDARY  LAYER  TRIPPING 

The  problem  is  to  find  a  tripping  device  of  minimum  dimensions  producing  effective 
transition  at  the  trip  location  without  modifying  appreciably  the  potential  flow  nor 
giving  rise  to  prohibitive  parasite  drag;  the  procedure  must  furthermore  be  easily 
reproducible  to  warrant  reliable  results;  the  device  should  not  be  damaged  by  prolonged 
teats  and  lastly  should  be  easily  removable  giving  back  unaltered  conditions  of  the 
surface. 

Boundary  layer  tripping  devices*  which  are  solid  or  fluid  obstacles  put  inside  the 
boundary  layer  to  increase  local  turbulence  and  provoke  premature  transition*  may  be 
classified  (Fig.l)  as  two-dimensional  (cylindrical)  devices  (spanwise  wires*  ridges  and 
grooves),  three-dimensional  (point-like)  obstacles  (cylinders  or  air  jets  normal  to  the 
surface  of  the  model)  and  distributed  roughness  strips  (ballotini  or  carborundum  grains). 
Two-dimensional  and  three-dimensional  obstacles  essentially  differ  in  the  mechanism  of 
producing  instability  in  the  laminar  boundary  layer  (Ref. 4):  two-dimensional  obstacles 
produce  spanwise  vortices  while  three-dimensional  obstacles  produce  streamwise  horseshoe 
vortices  (Pig.2). 


Two-dimensional  trips  thus  induce  in  the  laminar  boundary  layer  an  instability  of 
the  Tollfflien-Schlichting  type;  this  instability  may  produce*  at  a  downstream  location, 
transition  to  a  turbulent  pattern.  As  the  diameter  of  a  two-dimensional  trip  is  increased 
the  point  of  transition*  X„*  moves  progressively  upstream  from  the  point  of  natural 
transition,  ^  *  towards  trie  position  of  the  trip,  X.(Fig.3).  A  frequently  used 
characteristic  parameter  is  the  ratio  between  trip  diameter  and  displacement  thickness* 
the  transition  point  reaching  a  position  close  behind  the  trip  when  this  ratio  is  of  the 
order  of  magnitude  one. 


Klebanoff  and  coworkers  (Ref. I)  found  that  when  the  length  Reynolds  number*  R  *  is 
lower  than  90000  it  is  not  possible  to  trip  transition  and  showed  that  the  corresponding 
value  of  the  Reynolds  number  based  on  the  displacement  thickness*  F**«520*  was  in  good 
agreement  with  the  critical  value  found  from  a  Blasius  distribution  for  stability  against 
small  disturbances. 


An  empirical  law  for  the  determination  of  the  relative  position  of  transition  point 
and  trip  in  terms  of  the  height  of  a  two-dimensional  roughness  element  has  been  given  by 
Dryden  (Ref. 5).  A  corresponding  critical  Reynolds  number*  based  on  trip  diameter  and  free 
stream  flow  conditions*  R,*U  d/e  equal  to  700  has  been  calculated  by  Winter  and  cowrkers 
(Ref. 6)  as  a  result  of  a  correlation  of  many  experimental  data  in  the  range  of  subsonic 
speeds  up  to  M*0.9«  At  supersonic  speeds  the  critical  value  increases  exponentially  with 
Mach  number.  Kramer  (Ref. 7)  found  a  Reynolds  nwber  R.«900  for  a  fully  effective  trip  but 
stated  that  also  in  this  case  a  minimum  distance  remains  between  the  position  of  the 
transition  point  and  the  position  of  the  wire  such  that  the  difference  between  the 
corresponding  Reynolds  numbers  is: 


Three-dimensional  trips  with  accompanying  horseshoe  vortices  produce  regions  of 
turbulent  flow  behind  them  that  spread  laterally  downstream;  transition  across  the  whole 
span  is  achieved  when  the  regions  of  turbulence  formed  downstream  of  the  e^K^rescences 
unite.  This  delay  in  the  formation  of  a  uniformly  turbulent  layer  precludes  the  use  of 
the  technique  if  it  is  required  to  fix  transition  very  close  to  the  leading  edge.  In  some 
cases  the  method  has  advantages  in  that  the  effect  of  the  excrescenses  is  telieved  to 
be  quite  independent  of  the  direction  of  the  flow  in  the  boundary  layer  (3-D  flows). 

Several  methods  are  available  for  constructing  the  excrescences:  one  is  to  insert 
short  lenghts  of  wire  protruding  from  the  surface  of  the  model*  a  variant  is  the  use  of 
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snail  discs  or  spherical  particles  glued  or  soldered  on  the  surface  of  the  sodel.  Care 
Rust  be  taken  in  a^ieving  the  desired  type  of  trip  since  a  spanwise  row  of  obstacles 
with  too  narrow  gaps  and/or  a  too  snail  height/dianeter  ratio  will  behave  more  as  a 
two-dimensional  than  as  a  three-dinensional  trip. 

The  experimental  data  collected  by  Braslow  (Ref. 8)  for  three-diJMnaional 
roughnesses  show  that  for  an  effective  trip  the  critical  value  of  the  roughness  Reynolds 
number#  based  on  the  velocity  at  the  height  of  the  roughness  and  the  height  of  the 
roughness#  R^  ^  function  of  the  ratio  between  the  diameter#  d,  and  the 

height#  k#  or'tne  roQhness.  For  d/k«l  the  roughness  Reynolds  number  is  in  the  range  500 
to  900  and  is  practically  Independent  of  Mach  number  at  low  speed. 

A  distributed  roughness  trip  can  be  obtained  coating  a  narrow  band  of  the  model 
surface  with  a  minimun  thickness  of  an  adhesive  (epoxy  resin  or  lacquer)  and  dusting  it 
with  carborundum,  sand  or  ballotini  of  known  average  grain  size.  Ballotini  and 
carborundum  grains  are  the  most  used  roughness  materials  as  ballotini  can  be  graded  down 
to  quite  ssmll  diameters  with  a  small  variation  in  particle  size  and  carborundum  is 
readily  available  and  shows  superior  effectiveness  in  provoking  transition  due  to  the 
resulting  sharp  and  irregular  surface  of  the  strip. 

Again  care  must  be  taken  in  achieving  the  desired  type  of  trip  since  a  strip  of 
distributed  roughness  will  act  as  a  rough-surface  two-dimensional  trip  if  particle 
distribution  is  too  dense  and  as  a  lot  of  random  three-dimensional  obstacles  if  particles 
are  sparse.  Since  the  concept  of  "sparse*  distribution  is  quite  vague  the  need  is  felt  to 
compare  the  quality  of  the  obtained  strip  with  some  standard  test  specimens  of  proved 
effectiveness  in  order  to  warrant  a  good  repeatibility  of  the  strips  in  different  tests 
or  in  the  case  of  replacement  of  a  damaged  strip. 

Provided  that  the  roughness  be  sparsely  distributed#  transition  moves  very  close  to 
the  roughness  when  the  critical  roughness  Reynolds  nuanber#R.  #  is  attained. 

Experimental  investigations  have  determined  that  this  criticAl^value  is#  as  an  average# 
equal  to  600  (Ref. 2).  This  value  is  constant#  except  at  the  low  values  of  the  length 
Reynolds  number#  R  #  at  subsonic  speeds.  At  low  values  of  R  #  less  than  10^#  resulting 
from  either  a  decrease  in  tunnel  unit  Reynolds  number  or  a  decrease  in  the  distance  of 
the  roughness  band  from  the  leading  edge#  the  value  of  R.  increases  up  to  1300.  The 
value  of  R|^  remains  constant  up  to  approximately  M*2. ’^thereafter  it  begins  to 
increase.  ' 

As  can  be  seen  from  the  previously  reported  experimental  results  given  in 
literature  only  an  order  of  magnitude  correlation  is  possible  since  minimum  size  of  the 
trip  is  difficult  to  predict  with  sufficient  accuracy  and  is  a  function  of  Reynolds  and 
Mach  numbers.  Thus#  if  the  minimum  trip  is  to  be  used#  preliminary  experiments  are 
required  to  determine  its  size  and#  furthermore#  the  size  should  be  changed  as  the 
conditions  of  the  experiment  are  modified. 

Using  trips  one  grit  more  than  the  minimum  (overfixing)  is  believed  to  be  a  good 
practice  to  be  sure  on  trip  effectiveness  in  producing  premature  transition.  Overfixing 
produces  only  small  drag  increases#  on  the  contrary  a  trip  slightly  smaller  than  needed 
(underfixing)  could  provoke  a  rearward  displacement  of  the  transition  point  giving  rise 
to  strong  variations  in  drag. 

To  overcome  the  difficulty  of  selecting  the  minimum  useful  size  of  the  disturbance# 
which  is  a  function  of  the  particular  experiment,  a  technique  is  sometimes  used  in  which 
the  size  of  the  disturbance  can  be  varied  simply  during  the  experiment  from  outside  tl)e 
tunnel.  A  row  of  holes  is  drilled  across  the  span#  and  the  disturbance  is  created  by 
allowing  a  small  quantity  of  air  to  flow  from  these  into  the  boundary  layer.  This  is 
probably  the  most  elegant  way  of  producing  transition  since  the  size  of  disturbance  can 
be  varied  by  controlling  the  air  flow,  it  is#  however#  of  limited  application  to  general 
models  on  account  of  the  pipework  involved. 

Due  to  low  cost  and  effectiveness  a  carborundum  band  obtained  by  dusting  a 
double-stick  scotch  tape  has  been  chosen  as  a  tripping  device  in  the  present  work.  A 
sparse  distribution  (about  40%)  has  been  preferred  since  for  most  of  the  values  of  the 
Reynolds  number  attained  in  the  tests  transition  could  not  be  tripped  by  a 
two-dimensional  roughness. 

Experimental  results  obtained  by  Michel  and  Arnal  with  a  "dense*  carborundum  trip 
are  reported  in  Ref. 9.  No  transition  trifling  was  obtained  for  Reynolds  numbers  based  on 
momentum  thickness  less  than  200. 


TRANSITION  DETBCTION 

In  order  to  control  the  effectiveness  of  a  transition  fixing  device  in  the  whole 
envelope  of  test  conditions  (angle  of  attack#  Mach  nuin2>er  etc. )  reliable  laethods  are 
required  to  check  that  a  true  turbulent  boundary  layer  has  been  generated  at  the  desired 
location. 

It  is  possible  to  detect  transition  by  measuring  thermof luid-dynanic  quantities 
inside  the  boundary  layer;  the  inception  of  turbulence  is  inferred  from  theoretically 


'wSl^-kaoMn  fMtures  such  ss  ths  shape  of  the  velocity  profiler  the  thickening  of  the 
boundary  layer*  the  increase  of  the  turbulence  level  and  of  the  acoustic  noise. 

Velocity  profiles  at  different  chordwise  stations  can  be  aeasured  with  a  single 
Pitot  tube  traversing  the  boundary  layer  normally  to  the  model  surface  or*  alternatively* 
with  a  rake  of  Pitot  tubes.  The  procedure*  relying  on  point  measurements*  is  time 
consiimiag;  furthermore  the  presence  of  the  Pitot  tube  may  alter  the  behaviour  of  the 
boundary  layer. 

A  simpler  procedure  consists  in  measuring  the  total  head  in  the  proximity  of  the 
surface  with  a  Preston  tube.  Transition  is  detected  by  a  chordwise  exploration  of  the 
boundary  layer:  the  transition  point  is  characterized  by  a  sudden  increase  of  the  total 
head.  Alternatively  a  total  head  exploration  can  be  made  at  a  distance  from  the  wall 
slightly  Mailer  than  the  expected  turbulent  boundary  layer  thickness;  in  this  case  a 
sudden  decrease  of  the  total  head  will  indicate  transition. 

The  onset  of  a  high  level  of  turlHilence*  typical  of  transition*  can  be  directly 
measured  with  a  fast  response  anMometer  such  as  a  hot-wire  or  a  Laser-Doppler 
anemoaeter.  Both  anemometers  give  point  measurMents  and  are  therefore  moat  suited  for 
the  exploration  of  two-dimensional  models;  both  require  sophisticated  electronic 
circuitries  and  data  reduction  procedures. 

An  alternative  approach  is  the  detection  of  increased  acoustic  noise  in  the  zone  of 
transition  using  surface  stethoscopes  or  piezoelectric  gauges. 

Transition  can  also  be  detected  by  surface  flow  visualization  methods  based  on  the 
increase  of  mass*  momentum  and  energy  diffusions  taking  place  at  the  model  surface  once 
transition  to  turbulent  boundary  layer  has  been  achieved.  The  most  used  technique  is 
surface  flow  visualization  with  oil  flow  or  with  sublimating  or  evaporating  substances. 
Not  broadly  used  in  industrial  practice*  but  nevertheless  promising  in  a  laboratory 
environment*  are  measurements  of  tMperature  recovery  factor  with  thermocouples*  hot 
films*  liquid  crystals  and  thermography. 

The  use  of  non  volatile  liquid  films  is  based  on  the  principle  that  the  film  moves 
in  the  direction  of  the  surface  shear  stress  on  the  model.  It  is  of  most  value  in  showing 
the  presence  of  any  separation  region  or  in  indicating  the  surface  streamlines.  Also 
transition  can  be  seen  as  the  surface  shear  in  a  turbulent  region  may  be  sufficient  to 
remove  the  liquid  there*  whilst  it  remains  in  a  laminar  region.  Alternatively*  during  the 
time  before  the  liquid  la  swept  away  from  a  turbulent  region*  it  is  sometimes  possible  to 
see  a  difference  in  the  wave  pattern  on  the  surface  of  the  liquid  there*  compared  with  a 
laminar  region:  the  wavelenght  in  the  laminar  region  being  larger  than  that  in  the 
turbulent  region. 

The  viscosity  of  the  liquid  must  be  chosen  according  to  tunnel  speed  and  test 
duration.  For  low  speeds  wind  tunnels  the  most  suitable  liquids*  in  ascending  order  of 
viscosity *aret  kerosene*  light  Diesel  oil*  light  transformer  oil.  In  order  to  obtain  a 
better  contrast  a  pigment  is  added:  white  pigments*  as  titanium  dioxide  or  china  clay*  on 
black  models;  a  black  powder  (lampblack)  on  light  models;  fluorescent  pigments*  to  be 
observed  with  ultraviolet  light*  irrespective  of  model  colour.  An  additive*  as  oleic  acid 
with  titanium  dioxide*  is  usually  used  to  control  the  size  of  paint  floes. 

If  the  surface  of  the  model  is  alternatively  coated  with  a  thin  film  of  a  volatile 
liquid  or  a  sublimable  solid  the  turbulent  region*  due  to  its  higher  rate  of  mass 
diffusion*  causes  a  higher  rate  of  evaporation  or  sublimation.  The  disappearance  of  the 
liquid  or  solid  film  can  be  rendered  visible  with  some  a^ropriate  artifice. 

The  volatile  liquid  film  technique  is  frequently  used  when  a  quick  indication  of 
transition  is  required  in  the  course  of  a  wind  tunnel  test.  A  volatile  oil  is  wiped  on 
the  surface*  the  film  evaporates  more  quickly  in  the  turbulent  region.  The  indication  is 
clearer  on  a  matt  black  surface. 

In  the  china-clay  method*  the  model  is  permanently  coated  with  white  china-clay 
which  is  sprayed  with  a  liquid  having  the  same  index  of  refraction  of  the  solid 
particles;  the  coating  a^^ars  transparent  when  moist  and  the  white  surface  reappears 
after  evaporation. 

Alternatively  a  solution  of  a  sublimating  solid  in  a  highly  volatile  liquid  is 
sprayed  onto  the  model.  Indication  of  the  state  of  the  boundary  layer  is  then  sho%m  by 
the  different  rates  of  sublimation  of  the  solid  deposit  in  different  flow  regimes.  This 
technique  is  particularly  indicated  in  tests  at  high  speed. 

A  more  comprehensive  review  of  transition  tripping  and  detection  can  be  found  in 
the  Report  of  the  AGARD  Working  Group  09  (Ref. 10). 


BXPBRUOmTAL  RB8ULT8 

Tests  have  been  performed  on  a  flat  plate  50  cm  long  having  a  30  degrees  wedge  at 
the  leading  edge  and  a  black  matt  surface  for  visualization  purposes.  The  plate  was  at 
the  exit  section  of  a  saiall  open  circuit*  open  test-section  wind  tunnel  (Fig.4).  Wind 
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tufln«l  speed  can  be  varied  free  0  to  20  ■/&  by  acting  on  the  variable  rpa  dc  electrical 
Motor  powering  the  fan. 

The  average  critical  Reynolds  nuaber  aeaaored  on  the  plate  between  10  and  18  n/s 

is: 

R„-3.3x105 

The  roughness  elaient  was  a  2.S  m  wide*  0.1  nn  thick  band  of  double-stick  scotch 
tape  dusted  with  carborundust  (grit  nuaber  24).  The  total  noadnal  height  of  the  trip  was 
therefore  0.844>0. 1*0.84  aa.  A  sparse  distribution  of  carborundua  grains  (about  401)  was 
selected  to  avoid  a  two-diaensional  like  behaviour  of  the  trip  given  the  low  length 
Reynolds  numbers  obtainable  at  low  speed  and  in  the  proxiaity  of  the  leading  edge. 

Tests  have  been  perforaed  at  six  differmit  speeds  froa  11.59  to  17.39  m/s  (Table 

1);  starting  from  few  cm  froa  the  plate  leading  edge  the  tripping  band  was  moved  in  a 
streaawiae  direction  with  steps  of  one  ca  and  its  effectiveness  tested  until  a  position 
was  reached  were  transition  was  no  more  moved  froa  its  natural  position.  In  all  tests 
transition*  when  tripped,  was  at  the  roughness  location. 

Transition  has  been  detected  using  five  different  methods: 

1)  Surface  flow  visualization. 

Oil  flow  did  not  give  completely  satisfactory  results  since  a  clean  turbulent 
region  was  never  achieved;  only  a  different  wave  pattern  in  laminar  and  turbulent  zones 
could  be  observed  (see  Pig.S). 

Better  results  have  been  obtained  with  the  evaporation  technique:  kerosene 
evaporated  completely  in  few  minutes  in  the  turbulent  region  leaving  the  laminar  region 
wetted  (Fig.6). 

Since  visualization,  that  is  a  powerful  method  for  the  understanding  of  complicated 
flow  regions  (3-0  configurations,  separation,  vortices  etc.),  is  much  less  interesting 
when  a  very  simple  and  predictable  pattern  is  expected,  as  is  the  case  of  flow  on  a  flat 
plate,  it  was  discarded  in  favour  of  the  following  methods  which  are  able  to  give  also 
quantitative  results. 

2)  Velocity  profiles  in  the  boundary  layer  have  been  measured  at  various  locations 
along  the  plate  using  a  pitot  tube  made  from  an  hypodermic  tube  bent  at  right  angle; 
transition  can  be  detected  both  by  the  profile  assuming  the  shape  typical  for  a  turbulent 
boundary  layer  (1/7  power  law)  and  by  the  increased  thickness  of  the  boundary 
layer(Pig.7), 

3)  A  streamwise  pitot  traverse  has  been  made  at  a  height  of  2.5  mm,  higher  than  the 
maximum  expected  laminar  boundary  layer  thickness;  the  decrease  in  total  head  indicating 
that  the  pitot  tube  is  in  a  turbulent  boundary  layer. 

4)  A  similar  procedure  has  been  followed  with  a  hot  wire  probe;  in  this  case  a 
sudden  decrease  in  the  output  voltage  V  (mean  value)  corresponding  to  a  similar  decrease 
in  local  velocity  is  an  indication  of  transition. 

5)  At  the  same  time  the  output  of  the  hot  wire  anemometer  has  been  read  on  a  rms 
voltmeter  the  incipient  transition  being  detected  by  a  marked  increase  in  the  level  of 
turbulence. 

Since  the  last  three  methods  gave  similar  results  (Pig.S)  only  the  pitot  tube 
streamwise  traverse  was  used  extensively  to  detect  transition  being  simpler  and  less 
exposed  to  accidental  failures  than  the  expensive  and  delicate  hot  wire  probes. 

Only  when  a  deeper  insight  in  the  behaviour  of  the  mechanism  of  transition  was 
required  velocity  profiles  were  measured  at  every  cm  in  the  streamwise  direction.  Prom 
Fig. 9  it  can  be  seen  that  using  a  tripping  height  in  excess  of  tlie  ministum  required  to 
provoke  premature  transition  gives  rise  to  an  overthickening  of  the  boundary  layer.  The 
resulting  increase  in  the  momentum  thickness  (Pig. 10)  is  a  measure  of  the  roughness 
additional  drag. 

As  a  result  of  the  tests  a  correlation  is  presented  in  Pig. 11  among  the  Reynolds 
number  based  on  the  monentum  thickness,  R^,  the  ratio  k/4*w  between  roughness  height  and 
displacement  thickness,  and  the  roughness^ocation  X^.  The  correlation  allows  the 
determination  of  the  minimum  size  of  the  roughness  effective  in  tripping  premature 
transition.  It  must  be  remarked  that  a  "sparse”  distribution  of  carborundum  grains  is 
still  effective  for  well  below  the  value  of  200  found  as  a  lower  limit  for  a  "dense* 
strip  by  Hichel  and  Arnal. 

In  Pig. 12  the  values  of  the  minimum  critical  roughness  Reynolds  nua4>er  R.  found 
in  the  present  work  are  showed  to  be  consistent  with  the  results  reported  in  tn4^^ 
classical  work  of  Braslow  and  coworxers  (Ref. 2). 
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Fig. 1 -Some  types  of  transition  tripping  devices: 
a)  wire  b)  distributed  roughness 

ci  air  injection  d)  isolated  excrescenses 


(e)  2-0  protuberonce 


Fig.2-Sketch  showing  the  behaviour  of  vortex  lines 
for  2-D  and  3-D  trips  (Ref.4). 


Fig.5-Detection  of  natural  transition  with  the  oil-flow  method 
(diesel  oil+linseed  oilttitanium  dioxide). 

U  =17.39m/s;  X„  =30cra:  R  *3.3xlo’ 


Fig. 11-Reynolds  number  referred  to  the  momentum 
thickness  as  a  function  of  the  ratio 
between  trip  height  and  displacement 
thickness.  Pull  symbols  refer  to  tripped 
transition. 


Fig. 12-Effects  of  the  length  Reynolds  number  or  the 
critical  roughness  Reynolds  number. 
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L«  pc4vlaioa  d«  L'«pp«ricioa  du  cr««bi«««nc  dar  un  avioo  d«  crdosport  conscituc  uo  probitee  qui  etc,  ea 
dipic  d«  progcfte  c4elie<e  rieefleeac  deos  le  co«friheneloa  du  ph§fM>^a«,  eacore  asees  m1  Mlcrlet. 
laecceddlbie  accueilcweac,  A  uaa  approche  puresenc  Chiorique,  eecce  prtvleioa  eac  eaaeatlelLeMeat  bae4e 
•ur  dea  eaaaia  ea  aoutcierle. 

Apr4a  uoe  revue  dea  atchodea  expdriaeatelee  couraaaeuc  uciiiaiea  pour  I*  dtcerainacioa  du  treableaeac  aur 
aequetce  ec  une  deacrlpcloa  eucciacte  dea  techoiquea  de  treaapoaicloo  au  voi,  on  aeC  en  Evidence  lea 
probLiaee  d«  aiauiacion  qui  attecieat  cea  atthodea.  La  auite  de  la  coaauoication  eat  coaaacrfte  4  la 
diecuaaloo  d'ua  certain  noabre  d*aa4lloracloae  dea  aaquectea  at  de  la  attbodologie  expirlaeotale  dont  la 
alee  ea  oeuvre  dolt  aboutlr  i  dea  prCvlalooa  plus  flablea  du  treableaent  aur  lea  avlona  de  tranaporc* 


SOMMAtt 


Tae  predlctLOU  oC  traoaporc  aircraft  buftet  reaponae  atlli  reaalaa  a  challenge  despite  recent  progresa  in 
uoderatandlog  of  the  phenoaenon*  This  prediction  ia  up  to  now  inaccessible  to  a  purely  theoretical 
approach  and  so  ia  aainly  baaed  on  wind  tunnel  Invest igat tons* 

After  e  review  of  experlaentel  aethoda  currently  used  to  detaraine  aodei  buffeting  end  a  short 
description  of  Cull  scale  epplication  techniques,  the  aiaulatlon  probleaa  that  appear  are  presented*  The 
next  point  deals  with  a  nuaber  of  laproveaents  concerning  aodela  and  experiacntal  aethodology  with  the 
finel  objective  to  provide  aore  relieble  buffeting  pcedtcttona  on  iecge  ttantport  aicccaCta. 
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m  Avion 

e  CrolnitT* 

«  Itetrinici  4n 

■  Mnqonctn 

0  Tnmn  nnon  vnnt 


L'lnporcnncc  d'onn  coonnloanocn  prieiM  4«  l.*MtrA«  na  trn^Innnnt  d'un  avion  civil  n'aat  plus  i 
aottiigaar.  Un  tcAa  grMiyi  nonbra  d'autaora  an  aoat  acta^oia  au  pcoaitea  avac  conae  objactlf  d'itandrc  lea 
riauitata  obcanua  an  aouttiarla  au  donaina  da  voi  aa  l*avlOA  (1»  2,  3). 

Cacta  connalaaaiica  du  tranbianaac  paraac  aa  aftai  da  caraetbriaar  la  doaalna  da  voL  da  I'avlon  adalaalbla 
A  partic  da  la  tooctioa  Ca  •  <<Macta>. 

Juaqu'i  priaanc  iaa  caicula  abrodjaaaiquaa  a*avAraat  lapuiaaanca  I  obtaraioar  avac  prbclaioo  laa  sonaa  da 
dbcollaaaat  aur  una  voiiura  aa  cranaaoolqua  alaai  qua  laur  dbvaloppaaanc  avac  I'iacldanca-  Laa  iorcaa  da 
dbeolianaoc  ac  Laur  rbpartltLoa  an  anvargura,  forcaa  qui  donnant  naiaaaoca  aua  vibrationa  da  i'avion  aur 
aaa  aadaa  propraa,  aoat  aocora  piua  difticliaa  I  apprbnaadar . 

La  aaul  racoura  pour  taira  una  prbvlaloa  a*avbra  btra  daa  aaaaLa  eo  aoutflaria  afin  da  fournir  daa 
vaiaura  appiicabiaa  A  ua  avion*  Aaaucoup  da  abtbodaa  aniataot  qul  donaaot  liau  A  daa  critAraa  diffbraaca 
an  voi  at  aa  aouttlaria*  Caa  abtbodaa  na  font  qua  raraaaat  appal  A  una  coaaaiaaaaca  prbciaa  daa  torcaa  da 
dbcollaaant  <4»  3,  6)  qui  raprbaaatant  la  aaul  ccitAra  utliiaabla  pour  ealculac  aur  un  avion  la  rbponaa 
da  ia  atructura  aa  toua  pointa  daaa  ia  naaura  oA  una  baaa  aodala»  raprbaantativa  da  i'avion,  axiata. 

Dana  una  prani.Aca  partia  on  a'aCforcara  da  nontrar  laa  difcicultba  at  laa  inconvbnianta  inbbranta  aux 
abtbodaa  actualLaa  qui  aoat  davaataga  dua  A  daa  problAaaa  da  alaulatlon  an  aoufilarla  qu'A  daa  problAaaa 

da  aaaura* 

Uaaa  uaa  dauxlAaa  partia  oa  prbaaatara  daa  ^thodaa  aouvallaa  paraattant  da  aa  rapprocbar  daa  vaiaura  da 
traablaaaat  aur  avioa  au  aoyan  da  oaquattaa  piua  raprbaantativaa  at  an  tenant  coapta  daa  difficuitba  duaa 
aux  aout'tlariaa  (noabra  da  Rajraolda,  bruit  da  fond,  conditlona  liaitaa  d'ancaatraaant)* 


i 

j 

j 

i 

f 


i  ff  ^  t -  ■ 


OBSILLB  Ol  ttRtCTUM 


La  traablaaaat  eat  la  rbponaa  d'una  atructura  A  uaa  axcitatlon  abrodynaaiqua  due  A  daa  tonaa  da 
dbcoilaaant  an  prbaanca  ou  non  da  cboca* 

II  eat  done  iodiapaoaabla  aa  conaidbrar  qua  ia  traablaaaat  eat  un  probiAaa  particuLlar  pour  ebaqua 
aaquatta  at  qu'ii  a'agit  d'ua  pbbooaAna  non  aaulaaant  abrodjoaaiqua  oaia  auaai  blnatlqua* 

Oa  ca  tait  Laa  abtbodaa  da  dbtactloo  aa  traablaaaat  boot  nultiplaa  ;  priacipalaaant  on  paut  diatinguar 
antra  abtbodaa  globalua  ou  iocalaa,  atationnalraa  ou  inatationnairaa* 

Laa  abcoliaaanta  pauvant  btra  ala  an  bvidanca  par  laa  abtbodaa  globalaa  auivantaa  : 


'  La  yiaualiaation  da  i'bcoulaaant  paribtal  aur  I'aila  au  aopaa  da  fila  fluoreacanta  (fig*  II  ou  da 
d^bta  d'aodutt  viaqoaux  (fig*  2a  at  2b). 

-  Laa  courbaa  da  portanca  globaia  Cx  •  f(CC)  aaaurbaa  par  balaaca  avac  intarprbtatioa  da  la  variation  da 
ia  panta  au  dbbut  du  dbcollaaant  (fig*  3a)  ou  la  aaaura  du  aoaant  da  flaxtoa  (ou  da  toraion)  A  la 
caaaura  da  I'aila  an  fonction  da  I'incidanca  (fig*  3b)* 

L'apparltioo  daa  dbcoLlaaaata  paut  auaai  btra  dbtactba  A  parttr  da  aaauraa  l.ocalaa  ;  dana  ca  doaalna  on 
paut  eitar  i 


*  Laa  praaaiooa  atatiquaa  aaaurbaa  an  parriculiar  au  bord  da  Cuita  da  I'aila  qui  paraattant  da 
caraetbriaar  la  dbcollaaant  aur  la  voiiura  (fig*  A)  A  partir  da  la  divargaaea  daa  Kpgf*  Laa  figuraa  3a 
at  3b  iiiuatraat  pour  ca  abae  can  ia  rbparcuaaton  du  dbcollaaant  oaiaaant  aur  la  poaition  da  I'oada  da 
choc* 

'  La  aaaura  da  praaaiooa  ioatationnairaa  daaa  la  plan  daa  frbquaacaa,  dart  la  aoaa  dbcolLba,  aoit  auua 
foraa  da  vaiaura  MS  (fig*  6)  ou  da  daaaitba  apactralaa  da  puiaaanca  DSP  (fig*  7a  at  7b)* 

Laa  dbcollaaaata  dbcaiba  par  laa  abtbodaa  qui  vlanaant  d'Atra  dbcritaa  pauvant  donnar  naiaaanca  A  ma 

phbaoaAoa  da  traablaaaat  qua  I'oo  dbtacta  aaaaatlallaoaat  par  laa  aaauraa  auivantaa  : 

-*  La  aaaura  du  aoaant  da  tlaxion  inatatioonai-rv  par  una  Jauga  da  coatrainta  A  ia  caaaura  da  I'aila  (tig* 
8)  qui  aa  coapara  an  atatloooaira  A  la  figure  3b* 
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*  liA  Msur«  d«  i«  vaieur  ftl6  das  4§ilvri«  par  daa  acciilroafttraa  (<it«  ))• 

*  Laa  •aauraa  loataCLonaairaa  pauvaat»  cooaa  laa  acciitroaftcrea  par  axaapia,  tourair  la  acMia  qul  aocra  ao 
vlbraciOQ  aoua  I'aetioa  4aa  torcaa  da  dicoiiaaaat-  L'aapiituda  da  La  riponaa  ,  frtqaaoca  par  triquaoce, 
koarnlc  uaa  Lndlcatloa  auppiiMatalra  aut  i*ittcaaalti  da  pdlaoaiaa  comm  la  aaatra  la  flgura  L0« 

A  partir  da  toutaa  caa  aeauraa  acac Lonoairaa  ac  ittaCatLooaatraa  il  taat  ditinlr  at  aAlactioimar  un  ou 
pluaiaura  ctltiraa  caractiriaaoc  la  dibat  da  traabLa«aat  at  an  didulra  La  Ca  •aslaud  ao  fonetion  du 
doi^ra  da  Nacn  ;  paniL  Laa  plua  aouvaat  utlllaia  on  paut  eltar  : 

-  la  prlaa  an  eoapca  4*ua  aecralaaaMnt  Adtda  0>L  au  0,2  dagri  au  daLi  da  la  caaaura  da  La  coarba  Cs  • 
f(c€j  i  Haeh  eonatant  voir  (flgara  3a). 

-  La  caaaura  da  La  eourba  ^ma  •  f(dt  )  ou  ^rm»  •  f(CC)  d*un  pont  da  jauga  ou  d'un  acciiiroaltra  an  aa 
flzaat  aolt  una  cootraLdta  naxlnua  aolt  un  nivaau  d'acciliratlon  A  na  paa  dfpaaaar  an  un  point  donoi. 

Ca  critira  paut  poctar  aolt  auc  una  baoda  da  fri^uanca  a*li  a*agit  d*uoa  valaur  RMS  prlaa  dana  la  doaaina 
tanporal  aolt  aur  uo  noda  propra  pria  dana  La  plan  daa  friquencaa. 


3.  PlfFICULlIB  M  LA  tAAMfOBITlOfl  OIS  ABULTAlB  DO  HOSUMUIT 
omns  BM  MUfTLBlU  A  UM  AVION  KM  VOL 

A  partLr  d'un  coafficlaat  da  portanea  d'apparltlon  du  tranoLanant  Ca^^  alnai  dltamini  ao  aouflLacie  ia 
craoapoaltloo  au  vol  aa  fait  habltuaLianaot  par  I'intamidlaire  d'un  avion  da  rifSranca. 

So  voL  on  crltira  cLaaalqua,  au  noloa  pour  laa  avlona  clvlLa  da  grand  alLonganant,  conaiata  A  prandra  una 
Llnlta  d'acciliratlon  da  >/->  0,2  g.  naauria  au  alAga  pllota.  Ca  crltAra  dipand  eaaanciallaaent  daa  nodea 
propraa  da  La  atruccura  ;  la  couplage  antra  las  nodaa  da  la  voilure  at  Laa  nodes  prupraa  du  tuaelaga  paut 
itra  dlffirant  d'un  avion  A  i'autra  at  la  aiAga  plLota  paut  dana  cartalna  caa  ripondra  trAa  talblanent  au 
tranblanant. 

La  tableau  aaivant  iLLuatra  la  nature  du  couplage  antre  la  voilure  at  le  aiAga  pllota,  an  priclaant  laa 
dipLacananta  nodauz,  pour  quaiquaa  nodaa  A  baaaa  friquanca  da  La  structure  d'un  avion  nodarna. 


Madaa 

■out  ,’.11. 

glAga  pllota 

tlaxlon  alia 

2,IL 

Hs 

J.o 

0,5 

pandula  notaur 

2.26 

Bs 

0,2 

tangaga  notaur 

3,7b 

Us 

0,5 

3,0 

2  noauda  fuaalaga 

4,6 

Hs 

5,0 

L.O 

coplaoalra  alia 

5,55 

Us 

4,0 

U,0 

Da  ca  tableau  on  paut  conclura  A  1* Lncobirenca  antra  laa  crltAras  cbolals  an  aoufflarla  (crltAraa  qui 
gioiralanant  no  tlanncnt  conpte  qua  da  L'airodynaalqua)  at  an  vol  (crltAra  tenant  conpte  A  ia  fola  da 
i'airodynanlqua  at  daa  caractirlatlquas  nodalaa  da  La  structure),  go  affat,  la  figure  11  nontre  qua  nine 
si  L'aaaai  ao  aoufflarla  paraattalt  da  privoir  corractanant  las  riauLtats  an  vol  correspoodant  au  nine 
crltAraAeC*  O.l*,  I'icart  par  rapport  au  Cs  dinontri  ao  vol  rasta  cooatdirabla. 

Par  alLLaura  La  alnuiation  du  tranblanant  an  aoufflarla  ast  affectia  actualLaaant  par  las  options  at  Las 
LinltatLona  aulvantea  : 

Laa  naquattaa  utlLlaiaa  aoat  du  typa  sanl-rlgida  at  na  aont  pas  apicialeaent  itudlias  pour  riallsar  das 
coodltiooa  da  tranblanant.  11  an  riaulta  antra  autre  qua  laa  difomatioos  statlquaa  da  caa  naquettas 
(difomatlooa  an  vrillaga  qul  caractirlaant  at  l«  position  daa  chocs  at  Laa  ilnitas  da  dicollcnent 
darrlira  caa  cboca)  na  soot  paa  rapriaantatlvaa  daa  diforaiaa  da  I'avlon  ao  tranaaooiqua. 

La  tlgura  12  rapriaanta  L'ivolutloo  du  vrillaga  A#  ao  axtriniti  d'alle  an  fonction  du  coafflclaot  da 
portanea  aur  una  naquatta  an  aclar  d'una  part  at  pour  I'avlon  d’autra  part.  Daa  fcarta  inportants 
aont  nla  ao  ivldaoea  pour  laa  Cs  ilavia.  La  conaiquanca  d'una  talla  variation  da  la  diforaation 
ilaatlqua  aur  la  ripartltlon  daa  cbargaa  an  anvargura  ast  conaldirabla  conna  la  nontrant  daa 
caleula  tranaaonlquaa  atatlonnalraa  (fig.  13). 

'  La  conoalaaaoca  da  I'apparltloo  du  tranblanant  aat  inaufflaanta  pour  appriclar  laa  efforts  Inatatloo- 
nalraa  at  laur  ripartltlon  an  anvargura  aur  I'alla  (diatrlbutloo  da  force  aicaaaalra  pour  ealcular  la 
riponaa  d'un  avion  dont  on  coonait  laa  nodaa  propraa). 

Laa  affata  da  la  turbulanca  da  la  aoufflarla  parturbant  laa  riponaaa  dynanl.uaa  das  dlffiraots  eaptaura 
qua  ca  aolant  daa  accilironitras  par  azanpla  flAvf*  3A,  daa  eaptaura  da  prasalona,  ou  tout  autre  at 
dotvant  itra  prla  ao  conpte  dana  I'appriclatlon  daa  foreaa  da  tranblanant. 

It. 


•*  La  nonbra  da  Aaynoit 


ilua  aouvane  Inaufflaaot  pour  caractirisar  corractanant  la  dicolli 


cxm 


difficult^*  qul  s'oppoiMt  t^jottca  1  i«  f«brlcatioa  da  aagiiartai  d*«vioM  da  tranaport  raa'** 
P*®^***  •  id  aiallltada  ataclqoa  ac  dynaalqua  at  aupportaat  laa  cbacd«d  au*  ooi^raa  da  Eayaolda 
***  pi®*  Weaia  una  aaLutloa  ditfteaata  a  §t4  auaiaagta.  Ba  affat,  daoa  uaa  prealBra  Stapa  oo  a  eaaayC  da 
calcttiar  ana  aaqiiatta  da  aoutklarla  qul»  par  asaapia  poar  oa  aaadra  da  Mach  doaai  (la  point  da  croialBra 
da  da^aa  da  »ol)  aaralt^  ca^a  taaa  da  factaar  d*«cbaILaA.  la  ataa  aitocaatioo  qaa  I*avloo  aa  tout 
point  at  done  U  ate  diarlliaga  aoaa  cbarta  (l*bypoth4aa  Stant  qaa  U  ddfonaatlon  U  loaf  daa  cocdaa 
raata  ana  dcoita  ea  qul  aat  coeract  poar  ana  alia  aalaaoo  da  typa  daa  aaiooa  da  tcaoaporc  nodaroaa  de 
grand  allongaMit). 

Ca  qai  aa  tradatt  par  :  (rt^-H|aiS  «CZ|a)L3„*E,*I,*K, 


Ca  qal  aa  tradatt  par  : 


s  A  » 


(na+q,s,Ci,  )lJ,*e„*i„*k„ 


*m  /*•  *  I  c»U«OQ  MqiMCC*  ut  hoaacMttfiM  d«  calul  da  I'niod  aadc  la  alaa  axa  ilaaclqua. 

Sur  una  daat-wquatca  n  .g  raata  patlt  davant  q,8' ^Ct,,  an  afCat  j  dtalnua  co«te  la  cuba  da  I'dchalla 
alota  qua  8  _  na  dlalaua  qua  e<MM  la  cart*  da  l'8cballa  (laa  grandauti  q,  at  Ca  ttant  donntaa). 

Ob  dtdult  da  (1)  :  EpI, 


C'aat  8  dlra  an  utlltaant  laa  ataaa  aodulaa  d'daatleltt  Ea  -  Ea  pour  la  aaquatta  at  pour  I'arlon  ! 

W  <la 

(I)  _  =  _ 

Id  qmA^ 

8a  *8  8a  caractlrlaaot  raapactivaaant  la  praaaton  dynaalqua  pour  I'avlon  at  pout  la  point  da  aouftlatla 
corraapoadant.  .  •uuLii.aEia 

On  paut  notar  qua  at  la  aouftlatla  aat  8  ptaaalon  gtntratrlca  varlabla  la  rapport  (q.  /  q.)  pout  Itte 
aalntanu  conatant  at  la  aUlUtuda  da  dtfonutlon  paut  •tr.  raapactga  dana  uaa  Utga  pfaga  A  diaamrd. 
Yol  8  altttuda  conatanta.  Dana  toua  laa  eaa  la  alallltuda  da  dtforaDtlon  aat  valabla  pout  toutaa  laa 
Yalauta  da  01  pour  un  noabra  da  Mach  at  (q^  /  q,)  flat. 

U'aaaapla  aulYant  ealeuU  pour  la  aoufflarta  SI  da  I'OMgEA  (8u  de  dlaadtta,  pranalon  g(n(ratrlca 
coastontole  0a9  bat)  nontm  l«  doupierso  du  proc(d(a  * 

VV.8taot  fla8  oo  a  cboLal  trola  polota  du  douatna  da  vol  aeac  q*  /  q*  *  2.77  t 

Maquatta  AyIoo 


M 

qa(Fa) 

8.(»a) 

2^(Plndt) 

0.7 

22225. 

9034. 

35341. 

0.7d 

25444. 

9242. 

37000. 

OaM 

28005. 

lOllO. 

38157. 

SI  on  n'uYalt  pan  atept*  I'altituda  da  yoI  aatra  Mach  0,70  at  Mach  0,84  I'artaur  aut  (q.  /  autalt  8tt 
da  I'ordra  da  15  X  (an  affactuant  ua  yoI  8  Can*  conatant).  ^  * 

On  paut  auaal  eooatatar  qua  la  rapport  (  6,  /  S,)  -  Aantralna 

Mfpi  (la/Vg)  Qpg  Egla 


(I«  Ar»)  Mt,  q,  E„I, 

ca  qul  donna  8  partlr  da  (1)  at  (2)  :  (3)  (O',  /<J^)  -  i 

8vac  0-  eontralnta  atatlqua  aoua  ua  aoMot  M*  .  y^  at  y,  «tant  daa  longuauta  da  rtfgranea. 

On  conatata  I'igalltt  daa  cantralntaa  duaa  aua  chacgaa  atattquaa  aux  I'aYton  ac  aut  aaquatta. 

^  t^la  aaquatta  qul  raapaccara  laa  dtforaattoaa  atattquaa  da  I'aYloa,  an  apaac  aa  partlcultar  la  atae 
dtYcUla^  an  foaeclon  da  I'anYargura  n'aura  pan  laa  alnaa  andaa  ptopraa  qua  I’avtaa  ;  (taat  plaa  IMra 
qua  I  aaloa  alu  mra  daa  l^rtquaacaa  ptopraa  baauconp  plaa  (laYiaa,  ea  qut  aat  aa  aaancaga  putaqua  dana 
I*  ^®*o8aa  daa  friquaacaa  rOduicaa  da  I'aYloa  it  a*p  aura  qua  la  riponaa  aux  forcaa  duaa  aux  dEcollaaunta 
at  8  la  curbnlaaea  da  la  aoufflarta. 
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I 


li«a  •otMdu,  4urMt  iM  mmU  •«  il  mc*  aicMMir*  d*ii£t«cciMr,  p«r  cxiMpi*  k  i*«i4«  dm 

elblM  iMMt  la  Mtura  4a  la  d^iocutlMi  4«  la  aaquatta  au  aolna  la  loog  4u  bor4  4'attaqua  ac  4u  bor4  da 
lalta  pdttc  uaa  alia  ealaatm  du  typa  graad  alLoagasaat,  eael  atia  da  virlllar  ^ua  laa  diatclbuciooa  da 
eharsaa  ataciquaa  domaac  btaa  aaiaaaoea  d  la  ddformacloa  calcuHa« 

Ca  aiM  t/pa  da  aaquatca  panaac  par  alllaara,  d'aailtorac  avaat  traablaaaac,  laa  eoaparaiaooa 
thftoria^aaaaia  aa  ea  qol  eoacama  laa  coafflclaata  globaiBt  ou  locaux,  aaauc4a  par  balaaea  ou  par  ayatdaa 
acaalvalva* 

Far  ailLaurs  ell«  pourrair  auaat  aarrir  pour  daa  dtudes  de  coucrSle  de  treablamant  4ul  oot  cl£jd  &Cd 

aborddaa  d  l*<MBtA  (7). 


4.2  *  Calcal  daa  focaaa  laatatlo*^<  awa  ddcollaaaata  -* 

Sttlvaac  daa  caetialqaaa  d*oraa  at  aijd  alaaa  aa  oauvra  (8>  9,  10)  oa  tantara  aoauita  da  ddteraiaar  laa 
forcaa  ioatacloaaalraa  duaa  aua  ddeoLlaaaata  par  la  aaaura  du  chaap  da  praaaloaa  loatatlooaalraa. 

l.aa  aaquattaa  coapldcaa  ou  laa  daai-'aaquaccaa  aootiaa  d  la  paroi»  rialiadaa  d  graade  (cballa  pour  Icra 
utilladaa  daoa  la  aoufflaria  SI  da  l*0N8dAi  pauvant  ttra  tqulpiaa  d*ua  graad  noabra  da  prlaaa  da  preaaloa 
aaauraat  aiaultaateant  laa  praaaloaa  atacloaaalraa  at  iaatatlonaalraa  (par  axaapla  fig«  IS,  400  eaptaura 
ripartia  aur  IS  cordaa  an  anvargura)- 

Oaa  aoMMtaura  aoyaoaaura,  travaillaat  daoa  la  doaalna  taaporal  at  portaat  aur  cbaqua  corda,  pataattent 
da  dStaralnar  d  l*alda  d*uoa  poadiratioo  prSdStaralaia,  la  dlatributlon  da  portanca  at  da  <maaat  an 
valaura  alficacaa.  ta  traoaforada  da  Pouriar  coaplaae  de  cea  quaotltda  prenaat  una  daa  cordaa  coaaa 
rdfdraoca  da  pliaaa,  donam  trdquaoca  par  trSquenca  la  point  d'appltcatloa,  la  Aodula  at  la  phaaa  ralatlva 
daa  toruaa  aSrodynaatquaa  iaacatlonoairaa. 

A  titra  d'axaapla  la  figure  16  aootra  pour  troia  aactlona  at  uo  noabra  da  Mach  donnd  i'Svoiutloa  daa 
forcaa  da  ddcollanaut  par  tranchaa  dana  la  plan  daa  friquancaa  an  fonction  da  IHncldaoca  da  I'alla. 

On  an  dSduit  (tig.  17)  daa  forcaa  gindraiiadaa  da  l*aila  eoapldta  (id  pour  la  M>da  da  tlaalon). 

Dana  la  caa  d'utia  alia  aaal'-rigida  la  vactaur  rSponaa  daa  forcaa  aSrodynaMiquaa  Inatatlonnalraa  conprand 
ao  aoufflaria  troia  coapoaaataa.  La  praaldra  provlant  da  I'axcitation  da  la  aaquatta  par  la  turbulence 
oaturalla  de  la  aoufflaria  (ea  vaetaur  paraalta  aat  trda  attdnud  an  gdniral  an  vol),  la  aacotule 
eoApoaanta  aat  vlalbla  aur  laa  fcdquancaa  propraa  da  la  aaquatta  at  corraapond  I  la  rSponaa  ao  preaalon 
Ifkduita  par  laa  MouvaMAta  da  la  aaquatta  dua  au  traablaaaot,  la  trolaltaa  coapoaante  anfln,  qul 
coaatltua  la  aacood  aaabra  daa  Squatlooa  da  I'aSroilaatlclti,  axlate  aana  ttouvanent  da  I'alle  at 
corraapond  aux  forcaa  da  dicollaaaot* 

Far  I'ivolutlon  daa  forcaa  giaSraiiaSaa  d*une  locldanca  4  l*autra  la  figure  17  liluatra  caa  troia 
quantitSa.  La  praalar  teroie  paut  itra  conaldfrS  coaaa  constant  at  Indlpundant  da  i* locldanca  tandla  qua 
la  daualbaa  at  la  trolaliaa  taoae  exlatant  thforlqoamant  dda  qu'il  y  a  dScollaaant. 

11  aat  aloca  odcaaaalra  da  rachetchar  una  fonction  da  llaaagc  panaattant  da  caractirlsar  las  seules 
forcaa  da  dicollaaaat  qua  raprSaaote  ao  gAnSral  use  fonction  aonotone  (fig*  18). 

Sur  cetta  figure  on  paut  noter  qua  la  fonction  de  llssaga  B*8tabilt  trbs  vlte  et  reste  enaulte  Identlque 
4  tlla-«8ae»  Dana  I'exaaple  cholsl  una  noyeane  tamporalla  de  sir  secondes  a  suffl  pour  dSflnlr,  dans  un 
large  doaalna  da  frdquaacas,  la  force  da  dScolleiteot . 

Ca  paraadtra  de  la  durSa  daa  •oyannaa  eat  laportaot  dana  la  aesure  od  uue  coaparalsoo  avac  lea  rSaultsta 
d*eaaala  an  vol  eat  affactuCe.  En  cffet,  le  pilote  ne  peut  falre  dea  pSoStratlons  en  treeblaaent  4  Hach, 
Ca  at  altitude  cooataota  qua  daoa  laa  aanoauvcta  an  viraga  done  arac  tactaur  de  charge.  11  aat  difficile 
dana  caa  cooditlooa  da  pouvoir  faira  daa  nuauraa  atabiliaiaa  aur  un  casipa  long. 

Taadla  qua  La  figure  I9a  conpara  laa  courbaa  da  llaaaga  antra  alLes  (fooctlona  du  3^*  ordru),  la  figure 
19b  prieiaa  I'arraur  quadratiqua  •oyanna  oonttMt  qua  trda  vita  i*«rraur  aur  ia  dltareloatlOQ  da  la  force 
ast  iotSrlaure  4  10  X*  Caa  darnlara  rSauitata  ont  8t8  obtanua  aur  uua  aaquatta  d'avlon  da  co«bat.  A  titre 
d’anaapla  la  figure  20  nontta  la  diatetbotion  da  la  force  gfotrallade  d'uo  taoda  da  flexion  an  aovergura. 
L'alla  itait  dlviaia  an  atx  tranchaa  cocraapoodant  4  alx  cordaa  de  aesure  dea  praaaiona  inatationnalres. 
Oo  paut  raaarquar  qua  la  xone  da  dScollaaaot  aat  concaotrSa  4  70  X  da  I'enrargura.  Cepandant,  il  taut 
notac  qua  la  coaportaaant  d'un  avioa  civil  da  tranaport  au  traablauant,  dana  la  caa  da  dlieolLaaant 
darrlira  un  choc  ao  tranaaonlqua,  aat  trda  dlftirant  d*uo  avion  da  coubat.  Toutafola,  aur  catta  uaquetca 
d'avlon  da  coubat  done  oo  connatsaait  la  bate  daa  nodes  propraa  at  la  ritultac  daa  naauraa  d'acciliratlon 
an  difftranta  polnca  da  la  atructura,  aarvant  da  caa  test,  oo  a  calculi  4  parttr  da  la  dlatributlon  daa 
forcaa  eoaplaxaa  da  dieoiianaot  la  ripooaa  da  la  atructure  an  un  point  aur  daux  nodea  {  la  nasure 
d'aceilScatloo  a  iti  falta  an  bout  d'alla* 

La  tableau  aulvant  riaune  lea  riaultata  obtanua  4  N  *  0.8  at  dr«io*,S  : 


Coof Iguratlon  I  Configuration  2 


exp 

cal 

axp 

cal 

Hode  1 

S-l 

4,9 

2.6 

2.45 

Mode  2 

8.0 

11.3 

12.3 

12.8 

Laa  conf iguratlona  I  at  2  corraapondent  4  due  coodltiona  llnltea  4  I'anplantur*  dlftfrantea  at  done  4  dea 
friquancaa  at  nodaa  diffiranta. 
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4«3  •  Mi——  4m  meabtm  4m  — rttenlUr  — r  1—  rttnlliiif  - 

9iu»i—r«  itutf—  •otrupcls—  —  ditk6r«at«  — ya  one  —6  d«  —otrar  l*iBklu»nc«  du  ooabr*  d«  Myooid* 
•ur  L—  condttloiui  d«  dicoll—t*  On  p—t  cit«r  : 

~  OdB  itttddd  M  •oufCt«rlM  eryogtei^iMt  pr4MBt*ftt  i*«v«ataKB  d«  travuliiar  A  ^  ■  1/2  f  coodtMit 
^iMi  4—  Mit  l«  ooBbr*  d«  Edynoida  — !•  •«—  I'l—vialBBt  dc  o'utlllB*r  jiMqu'l  c«  Jour  quo  doo 
•oqooCtM  do  toibloo  di—ioao  co  qui  liolco  coooldirobioooat  iour  Aqulpoaoac. 

Oer  ttodei  taUttO  doua  doo  oouikiocioo  A  sroodo  proooioo  gioirotrleo  do—  Looquoiioo  ■oihourouo— oot 
loo  par— Acroo  do  proooloo  dyo—tquo  ooooclio  A  io  difonoocloa  ototlquo  or  do  nosbro  do  Royooido  oooc 
dtCtlclloo  A  dtooocior  (oxcopci  oa  bldl—oo ioonol  ovoe  doo  ooquoctoo  quo  i'oo  pout  conoldiror  cooao 
rigido  <U». 

*  Doo  Acudoo  ouc  doo  groodoo  ooquotroo  do  3  A  4  aAcroo  do  dool-’oovorguro  uCiiloioo  oa  croaoooolquo  par 
oaoaplo  daaa  ia  ooultlorlo  81  do  i*OilBLA  (7)  qol  oouioo  poeaottroat  La  aloo  oo  oourro  doo  aoouroo 
dioeucAoo  au  ebapicro  pc4e6doac« 

4u  travoro  do  toucoo  coo  Acudoo,  IL  o*avAro  oo  patcLcuilor,  quo  i*aopocc  loocacioaaalco  o*oot  pao  oouvoat 
prlo  oo  coapco*  Doo  toeborclioo  daoa  eo  do— lao,  y  eoaprlo  Loco  doo  oooalo  oa  roL,  paralooooc 
ladlopoMabLoo  pour  L'aroair  (L2>«  Du  poiac  do  ru«  ocacLooaairo,  iL  ooabLo  poooibLo  do  oiaulor  eorcalno 
paraaAcroo  do  couehoo  Ltaicoo  our  i'avloa,  par  oaoapLo  au  bord  do  fuico,  par  ua  pooicloaooaoac  do  la 
traooLCloa  dAcoraioA  A  parcir  do  coLcuLo  coupLAo  quo  l*<w  oLfoccuo  roopoccivoaonc  daao  Loo  eoadltloao  do 
voL  oe  do  oottfflorlo. 


4«4  -  mac  loo  do  La  cgaaaaaoitioa  aoafflario  ooi  > 

A  partir  doo  aoouroo  ofCoccuAoo  our  La  aaquotto  oAroAlaoclquoaont  ooablabLe  La  croaopooltlon  au  vol 
pourralt  Acro  cAaiioAo  do  Lo  laqoo  ouiuanco  : 

•  A)  CoLcul  doo  aodoo  proproo  do  L*avloa  ou  dAtoraioatloa  par  un  oooai  do  vibratloo  au  ooL  doo  proalcro 
aodoo  otruccuraux  (y  eoaprlo  Louro  oaorcioooaoaco)* 

-  1)  A  parcir  do  coo  aoduo  proproo  oa  pouc  coLcuLor,  daoo  loo  Aquacloao  do  I'aAroALaoclcltA,  Loo  forcoo 

oArodynoalquoo  gAaAroLloAoo  o*oxor^aac  our  Lo  otruccuro,  c'ooc-A’^iro  Loo  quaacltAo  A  *  Bi. 

(-)iQ2+2jiOaQj+j»a,*+{npV2/2XA+Bi))q^ti)) 

Lo  calcul  pouc  oo  Cairo  par  uao  aAchodo  do  doubioto  corrlgAo  par  traocho  A  partir  d'oooalo  oa  ooufflorlo 
coooAt  coapco  doo  dAComaciooo  otoclquoo  do  La  aaquocto  oouo  ebargo.  Daoo  Lo  dAbuC  du  troabloaont  uao 
corroccioo  oon  iloAalro  Atabilo  A  parcir  do  La  ooeuro  du  Co  ou  fooccioo  do  OC ,  fouralt  dCc  /  dd(  ot 
dCa  /  dOl  .  Coo  voLouro  dlainuonc  aooe  L'locldooco  crotooaato  ;  11  oa  ooc  do  bAbo  doo  ralouro  doo 
prooolono  iaduitoo  par  Lo  bouvoboac  do  L*atLo. 

-  C>  La  trololAao  parcio  coooloto  A  latrodulro  daoo  Lo  oocood  aoabro  do  I'lquatioo  (4)  loo  forcoo  do 

dAcolloaonc  1  oouo  forao  do  forcoo  gAoAroLloAoo  oo  parcont  doo  aodoo  do  I'ovion  ot  doo  oalouro 
do  oouCfiorio  dAcoralnAoo  por  troochoo«  Co  caLcul  por«oc  pour  touto  frAquooco  d*ua  aodo  propro 
d*obtoair  oo  tout  point  do  La  otructuro  oa  rAponoo  dyoaaiquo.  £a  partlcuLlor,  oLLe  poraottra  on 
outro  d'aaAiloror  Lo  crltAro  qui  ilaltora  L'lacldonco  aaxlaua  on  fonctlon  du  aoabro  do  Nach* 


3.  ooscunuw 


Loo  oooaio  do  troabloaoat  oo  ooufflorlo  our  doo  aaquottoo  d*aTloa  do  craaoport  pouooat  ot  dolooac  Atro 
oodlflAo  ol  ga  vout  oaALLoror  loo  coi^raloona  ootro  loo  rAouitato  d'oooato  oo  ooufflorlo  ot  oa  vol. 

Loo  probLAaoo  pooAo  par  loo  oooalo  on  ooufflorlo  daoo  lo  tro^Loaaat  (aoabro  do  RoynoLdo,  dAforaatlon  doo 
aaquottoo  noo  controlAo  ,  bruit  do  fond  laportaat  doaoaac  doo  dAcolagoo  do  oAro  daoo  Loo  forcoo 
laocatloitaalroo,  non  connoloooace  doo  forcoo  do  dAcoLLoaoat  on  particullor  do  lour  dlotrlbutloa  coaploxo 
on  oavorguro)  pouvooc  oo  rAooudro  au  aolno  portlolloaont  daao  L'avoalr. 

Coo  oaAiloratloao  paooooc  por  Lo  cholx  d'uoo  ooufflorlo  do  graodo  dlaoaalon^  do  aaquottoo  roprAooocativoo 
doo  dACoroatloao  otoclquoo  do  L'avloa  ot  d'ua  Aqulpoaaat  do  aoouroo  do  proooiooo  atatlooaairoo  ot  loata- 
CLoaaairoo  olauLcauioo  au  aoloa  par  cordo. 

Hoyoaoaoc  coo  aaALioraclono  11  ooablo  quo  do  aolliouroo  prAvlolooo  coacomaat  La  dAtoraiaatloo  do 
croBbLoaant  oo  voL  ooloat  rAalloabloo  daoo  un  ovoolr  proebo,  aolo  au  prlx  d*oa  offort  do  roeborcho 
laportaat  qui  no  pout  poo  Atro  LLaltA  au  ooui  doaaiao  do  la  ooufflorlo  ot  qol  l^llquo  Agaloaont  duo 
aoouroo  on  vol  approprlAoo  A  i'analyoo  dAtalLLAo  du  pbAooaAoo. 


(  1)  o.G.  mm 

H«41cctoa  of  eiM  oovoritjr  of  buffoti^. 

A6MD  U  94,  VCl,  ftllQOE  SAlff  6UBt»  1978« 

(  2}  H.  FOKSCHIHC 

Atrooioocic  Oiitfotiat  prooietioo  tochoi^MO*  •  ioaoioi  rovloo* 

DFTU  n  81.-15,  LMl. 

(  i)  G.r.  lUTLaL,  J.6.  jom 

Tbo  prodictloo  of  iMiffoclQi  t— poooo  io  fiiAhfc  ftoo  wlod  tunool  oooouroMots  on  oodols 
of  coovoociocul  eooatruetloa* 

TB£  AOKMAUTICAL  JOULfUL,  Voi  M*$77.  iM4. 

(  4)  a.JOMM 

Critlcoi  rovltfw  of  eho  oofhodo  to  prodiet  tbo  boffoc  eopoblXlty  of  olreraft. 

ACAAO  K  M*623,  1974. 


<  5)  A.M.  CUMMlIKtfAK.  8.6.  HiMR.  0.».  O.tf.  tIDDU 

Dovoiopooac  ood  owoittocloo  of  •  oov  aotlim  loc  ptodleciog  aircraft  buffat  raaponaa. 
A4U  7S-69,  I97S. 


(  A.M.  CUmilllQtlAM,  D.S.  UHAFA.  0.UATT8,  8.6.  tfANBA 

A  oathod  for  prodteciog  full  aealo  buffat  raapouaa  ulch  rigid  uiod  tuanel  oodal  fluctuating 
pratcura  DATA. 

Vol  I  :  8rodictioo  aachod  dcvclopooiit  aad  aaaoaMont. 

NASA  C.ft.  303S.  IWd. 

(7)  a.  DBSTUYMDER 

Activa  cootrol  of  ttaa  buffatiog  raapouaa  ou  a  largo  oodarn  civil  airplaoa  coufiguratiou 
iu  ulod  tunoal. 

C.8.  of  tha  aaeoTM  iotamatioual  ayupoaiua  oo  aarwalaaticlt/  and  atructural  dyuaoica, 

Aacban  19b5. 

(  9)  O.W.  RIUOLS 

Viod  tunnal  lovaatlgatiou  of  aurtaca  praaaura  fiuctoatlooa  aaaoclatad  uith  aircraft  buffat. 
AlAA  73'^7,  197). 

(  9)  8.H.  &008 

Tba  buffatiog  praaaura  fiaid  of  a  higb  aapact  ratio  awapt  irliig. 

AlAA  8)-l6U9,  198). 

(10)  8.  BBMOIT.  1.  IMAU 

buffatiog  prodictloo  for  traoaport  aircraft  applieatioo  baa ad  oo  ooataady  praaaura 
AlAA  87-23)4  CP,  1987. 

(11)  j.B.  Me.otvm,  A.r.  omo 

Static  aad  dpoaaie  praaauraa  ■oaauraoanta,  oo  tba  lACA  0012  airfoil  lo  tbo  AIBS  hi^ 
Rayoolda  otabar  foeiiitp. 

«A8A  TP  248),  198). 

(12)  C.P-  008,  A.M.  CUIWUIGIIAM 

Prodlctiooa  of  f-lli  TACT  aircraft  buffat  raapouaa  aod  corraiatlooa  of  fluctuattog 
praaaoroa  aaaaurad  oo  aitaaloM  aad  atool  uodola  aod  tha  aircraft. 

■ASA  C.t.  4049,  1987. 


Fig.  1  -  Vitutlbttlondtl'gcoultmtntptriitMlptrflltfluorwtana 
MtcMa)llm»nttuH'tll»uiim»<htrttnunchoe. 
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SUmARY 

Air-driven  turbo-powered  aiiailatora,  so-called  TPS  units,  are  being  used  in  wind  tunnel  testing  to 
siiulate  the  engine  flow  for  an  aircraft  aodel*  These  sinulators  provide  substantial  inproveiiient  in  test¬ 
ing  as  conpared  to  sinple  through-flow  nacelles  used  earlier. 

In  order  to  fully  explore  the  iaprovsiient  potential  in  aerodynanic  sieulation  it  is  mandatory  to 
assure  a  high  level  of  accuracy  or  in  case  of  increment  testing  a  good  repeatability  because  the  effects 
of  engine  interference  drag  are  of  the  order  of  a  few  counts,  for  increaient  testing  a  repeatability  of 
at  least  ♦  1  drag  count  must  be  achieved. 

The  paper  describes  the  efforts  made  to  demonstrate  that  this  repeatability  can  be  achieved  in  the 
NLR  high  speed  wind  tunnel  HST  for  a  half  model  with  a  wing-mounted  TPS  engine.  The  test  was  performed 
in  a  Joint  program  of  NLR  and  MBB-UT,  where  HB6  delivered  the  model  and  TPS  laiit  with  engine  cowlings, 
while  NLR  was  responsible  for  engine  calibration,  wind  tunnel  instrumentation  and  the  test. 

To  obtain  the  desired  quality  of  the  final  test  results  the  investigation  was  subdivided  into 
several  steps.  These  steps  and  the  technical  problems  and  questions  encountered  will  be  described  in 
detail. 


NONENCLATURE 

A^  engine  flow  area  at  station  n 
Cqb  Bellmouth  discharge  coefficient 
cubic  nozzle  discharge  coefficient 
engine  discharge  coefficient  at  station  n 
Cyg  bellmouth  velocity  coefficient 

cubic  nozzle  velocity  coefficient 
Cy^  engine  velocity  coefficient  at  station  n 
engine  ram  drag  force 
Fq  engine  gross  thrust 


engine  net  thrust 
engine  thrust  at  station  n 
"f,  engine  mass  flow  at  station  n 

tunnel  free  stream  static  pressure 
P^o  tunnel  total  pressure 

angina  total  pressure  at  station  n 
v^  tunnel  free  stream  velocity 

engine  ideal  velocity  at  station  n 
For  engine  station  dsfinitiona  see  FIG.  17 


1.  INTRODUCTION 


Increasing  coapatltion  betwaan  aircraft  manufseturara  atasdaly  force  the  eigierimental  aerot^namlciata 
-  like  tha  other  devalopmant  taama  -  to  iaprove  the  accuracy  and  quality  of  their  test  results.  The  main 
goal  of  thaaa  bi^TOvemanta  la  flrat  to  minimize  the  financial  and  technical  risk  for  tha  aircraft  manufac¬ 
turers,  i.a.  to  minimize  the  gap  bateean  pradictad  ovaroll  perfoimancas  and  those  measured  during  the 
later  flight  teat  period.  Second,  a  steady  iaprovomant  of  global  and  detail  tasting  technlquaa  la  neceaaary 
in  order  to  give  a  better  understanding  of  local  flw  affects.  And,  last  not  least,  it  is  naceaaary  to 
deliver  hl^»-qiiality  raaolta  as  input  for  tha  further  devalopmant  of  comoutational  fluid  dynamics  codaa. 

To  indicate  tha  iaportanca  of  a  daeraaat  in  tha  margin  bataaan  pradictad  and  zaalizad  perfomancea, 
it  should  be  mantionad,  that  for  a  modem  Aitbua-typa  aircraft  a  reduction  in  ctuiaa  drag  of  1  percent 
corraapondi  with  a  reduction  in  fuel  ronatwption  dependant  on  block  length  bateean  200  and  800  kg  per 
flight  or  about  0.2  percent  DOC  improvamant. 
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Dim  to  thlSf  todays  high  apwari  vlnd  tunnal  taata  ata  aiJalng  at  an  overall  repeatability  of  about 
+  1  drag  count  ehich  correaponda  aith  about  0«7  percent  DOC  in  caaa  of  an  Airbua  type  aircraft.  This 
repeatability  ie  naceatary  aapecially  for  the  inveetigation  of  the  effacte  of  aaall  aodificatione. 

An  iaportant  area  of  intereet  and  the  subject  of  Uiia  paper  is  the  eing/pylon/engine  interference. 
Invest  igationa  into  this  highly  three-diMnaional  flo««^ioblao  require  an  accurate  repreaentation  of  the 
Jet-flov  of  the  enginea,  since  it'a  effects  (jet-interference)  are  not  negligible.  The  aagnitude  of  jet- 
interference  ia  highly  dependant  not  only  on  the  size  and  location  of  the  engine  relative  to  the  wing, 
but  alao  on  the  coabination  of  eing  profile  and  angine/pylon  daai9i.  So,  in  order  to  sake  reliable  per- 
foraance  predictions  for  a  nee  aircraft  wid  to  enhance  the  underetanding  of  these  coaplex  flow  -  phenoeiena, 
aodels  with  active  engine  -  floe  aiaulation  naceaaitating  sophisticated  test  techniques  are  requited. 

The  iaportance  of  these  techniques  probably  eill  increase  in  the  next  future,  ehen  nee  engine  developaenta 
like  ducted  and  unducted  propfane  eill  astute  for  the  application  on  nee  aircraft  types. 

In  order  to  be  prepared  for  these  nae  applications  aa  sell  as  for  iaproving  existing  aircraft,  a 
joint  teat  progrsa  of  HBB-UT  and  NLR  eae  perforaed,  concentrating  on  interference  effects  in  the  high¬ 
speed  flight  regiae  of  a  transport  aircraft,  for  these  teats,  a  half  aodel  of  a  transport  aircraft  with 
turbo-poeered  engine  siaulator  (TPS)  was  aade  arailable  by  NW,  while  NLR  was  responsible  for  engine 
calibration  in  their  aodel  engine  calibration  facility  and  the  testa  in  the  NLR-HST  transonic  wind  tunnel, 

Hein  purpose  of  the  teats  waa  to  show  that  test  aet-up  and  evaluation  techniques  are  able  to  produce 
reeulta  with  an  overall  repeatability  of  about  ±  1  drag  cotett.  Thereafter  in  addition  some  preliminary 
investigations  of  small  configuration  changes  were  made. 


2.  TEST  APPROACH 

The  main  purpose  of  the  present  HSJ  teat  waa  to  show  that  the  jet  interference  drag  generated  by 
a  TPS  on  a  half-model  reperesanting  an  Airbus  type  of  aircraft  could  be  defined  with  a  repeatability  of 
*/•  1  count.  To  reach  this  high  level  of  repeat^ility  a  step  by  step  procedure  was  chosen  to  validate 
the  main  teat  elaasnts  used  for  model  installation  and  instrumentation.  This  step  by  step  piocedure  was 
followed  both  in  the  Nodal  Engine  Calibration  Facility  (CCF)  where  the  TPS  thrust  had  to  be  calibrated 
as  well  aa  in  the  HST  tiAiere  the  half-modal  was  tested  wind-on.  Additionally  in  both  facilities  a  cubic 
nozzle  rafarance  teat  was  executed  giving  the  possibility  to  compare  the  £CF  and  HST  results  at  N  3  0. 

A  review  of  the  test  approach  contains  the  following  iteast 

a  In-situ  "calibration**  of  the  fully  equipped  £CF  balance  (fully  equipped  mesne  that  all  wiring,  oil 
supply  line  and  low-reaction  air  supply  line  were  present). 

a  Teat  of  a  cubic  nozzle  in  the  ECF. 

a  Calibration  of  the  CCF  bellmouth  for  mass  flow  metering  in  combination  with  an  CCF  balance  check, 
a  Calibration  of  the  TPS  in  the  CCF. 

a  Complete  calibration  of  the  bare  wind  tunnel  balance  and  a  check  on  the  effects  of  the  additional 
wiring  and  the  low-reaction  air  supply  system. 

a  In-situ  "calibration"  of  the  HST  fully  equipped  balance. 

a  Cubic  nozzle  teat  in  the  HST. 

a  Wind  tunnal  teat  on  complete  half  •model. 

a  Repeat  of  the  in-aitu  balance  "calibration". 


3.  TEST  FACILITIES 

3.1  The  Nodal  Engine  Calibration  Facility 

The  TPS  waa  calUirated  in  the  NLR  Nodel  Engine  Calibration  Facility  (ECF)  (Ref,  1),  The  purpose  of 
the  calibration  is  to  link  the  TPS  internal  inetiumentation  readings  to  its  gross  thrust  under  the  condi¬ 
tions  where  the  internal  flow  of  the  TPS  matches  the  conditions  in  the  wind  tunnel.  This  internal  flow 
matching  ia  achieved  by  creating  a  pressure  difference  between  the  TPS  inlet  end  exhsust  plane  equal  to 
the  wind  tunnel  engine  ram  drag  pressure,  i.e.  the  wind  tunnel  Nach  number  ia  statically  simulated. 

A  schematic  vies  of  the  ECF  ie  shown  In  Fig,  1,  The  design  of  the  Fecility  is  comparabla  to  the 
Boeing  (Raf,  2)  and  ARA  (Raf.  3)  facilities.  The  tsnk  in  which  the  TPS  eidiaueta  and  which  can  be  evecueted 
to  create  the  dMlrad  praaaura  has  a  diameter  of  3  meter  and  a  length  of  6  mater.  The  TPS/pylon  combina¬ 
tion  ia  mounted  on  a  aidietructura  which  itwalf  ia  inatailad  inside  the  central  ballowa.  This  bellows  forma 
a  flexible  and  airtight  aaai  batwaan  the  metric  aubatiuctura  and  the  non-matric  earth  frame.  Three  loed 
cells  measure  the  axial  force,  the  aide  force  and  the  yes  moment  acting  on  the  substructure.  The  eccurecy 
of  the  balance  ie  0,2  percent  of  the  meeeured  value. 

The  preeaure  diffaranca  over  the  believe  frontal  aiea  axarta  a  load  on  the  aiA>8ttuctura,  This  force 
ia  companaatad  for  by  teo  additional  belloes  pieced  between  the  eubetructura  and  the  earth  frame.  The 
two  companaation  ballooa  have  together  the  aama  frontal  area  ae  the  central  bellows. 
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Tha  drive  air  far  tha  TPS  tuibina  ia  auiipUad  by  a  coapreaaor  plant  ahich  can  ccntlnuoualy  dalivar 
9  kg/aac  dry  air  (daa  puint  210  K  at  1  bar)  at  a  ptaaaura  of  90  bar.  A  control  valva  roducoa  tta  praaaura 
to  tha  laval  naadid  for  tha  raguixad  ipa.  Tha  quality  of  tha  eontiol  valva  aaa  auch  that  for  tha  TPS  uaad 
in  tha  paaaaot  invaatigatian  ahich  haa  a  aavlai»  letational  apaad  of  ASOOO  tpa,  a  ipa  atability  of  */-  29 
tpa  oould  bo  obtalnad.  Ooanataaaa  of  tha  cantiol  valva  a  haat  aachangar  haata  tha  air  to  tha  raquirod 
taaparatura,  ahich  aaa  for  thia  taat  aalaetad  to  ba  (bout  equal  to  tto  HST  aind  tunnal  atagnatian  tipi 
ratura  (300  K).  Tha  haat  aachangar  ia  folloaad  by  tha  aaaa  flaa  aatarlng  atation  conaiating  of  a  floa 
atrai^iUnari  a  tiaparatura/praiaura  proba  and  a  sonic  vanturi  all  daalgnad  according  to  tha  racolinda 
tiona  of  Raf.  A.  Tha  non  aatric  supply  lina  aaa  connsetad  to  tha  aatric  line  on  the  siAwtructuro  via  a 
six  dsgras  of  fraadoa  Loa  raaetion  airline  bridge  (Fig.  2}  using  throe  flexible  pips  connectora  (FPC). 
Each  FPC  haa  tao  angular  dagraaa  of  fraadoa  obtained  by  a  single  ply  natal  bolloas  caged  in  a  Cardan  link. 
Expsrianca  haa  ahoan  that  thia  type  of  arcengaaant  llaita  tha  interaction  and  hyataraaia  to  a  vary  loa 
laval  and  that  tha  rasldual  affects  of  praaaura  and  taaparotuia  variation  can  aaaily  ba  corrsetad  for. 

The  fan  air  is  coning  fren  outdeora  and  antara  the  inlet  of  tha  tank  via  nufflara  and  a  pair  of 
gauzas. 

The  total  tank  flov  la  naaaiirirl  by  a  bank  of  9  sonic  vanturis  locatsd  at  tha  donnstioan  and  of  the 
tank.  Tha  throat  amaa  of  the  vanturis  fona  a  binary  aeries.  To  nakn  the  flos  sufficiently  unifona  a 
perforatad  braali  ip  baakat  la  placed  halfaay  the  tank  follonsd  by  four  full  aaah  scroans.  Three  annular 
neah  acre  ana  placed  batnaan  tha  TPS  axhaust  plana  and  tha  break-up  baakat  reduce  the  recirculation  due 
to  Jet  antraliaaant  on  tha  outaida  of  tha  TPS  nacelle  to  a  very  loa  level. 

Hatarlng  the  aeas  floe  with  tha  tank  vanturi  bank  haa  the  diaadvantage  that  during  a  calibration 
run  tha  tank  praaaura  incraasaa  nlth  Incrsaaing  rpa. 

Therefore  calibration  results  have  to  be  intsrpolatad  to  obtain  constant  tank  priaauie  l.a.  constant 
Nach  mabar  calibraticna.  This  process  can  beccaw  rather  annoying  due  to  nonlinaarlty  nffacta  (Dsf.  1) 
and  sill  latdotbtodly  lead  to  a  loss  of  accuracy.  A  say  to  circunvant  thia  problan  la  to  open  all  tha  tank 
vanturis  and  to  utlllza  for  tha  aaaa  floe  naaaurananta  the  bellauHith  already  attached  to  the  TPS  intake 
for  inlet  floe  conditioning.  Then  the  aqulvalant  Nach  ntabsr  is  cantrollad  by  tha  inwait  of  auetian  nlth 
an  accuracy  of  */~  0.002.  An  additional  advantage  of  the  uaa  of  tha  bellaouth  ia  a  reduction  of  the  tine 
lequlrad  for  tha  calibration  since  the  opening  and  closing  of  the  vanturis  is  very  tine  conaning. 

3.2  Hind  Tumal 

The  NLR  High  Spaed  Hind  Tunnel  HST  used  for  the  half-nodal  test  is  a  variable  preaauca  tranasanic 
wind  tunnal  with  teat  section  dinanaiona  of  l.d  *  2.0  netsr  (Raf.  9).  The  test  section  uppar  and  lonar 
wall  have  6  slots  each  rsaulting  in  an  open  arsa  ratio  of  12  percant  per  wall.  In  tha  peasant  tant  the 
tunnal  stagnation  preaaura  was  slightly  above  anbisrtt  prosaura  aa  a  result  of  the  venting  of  tha  IPS 
drive  air  by  ainply  opening  a  valva  in  the  tunnel  settling  chaabar. 

Tha  TPS  drive  air  was  auppllad  fron  a  600  a’  AO  bar  storage  vassal.  The  sir  dew-point  was  kept  at 
223  K  (nsaaured  at  1  bar).  The  drive  air  pressure  was  regulated  by  a  control  valva  asking  it  possible 
to  keap  the  rpa  of  the  TPS  during  the  naasursnent  of  a  dstapoint  within  90  rpa  of  the  aalactad  value. 

The  drive  air  was  fad  through  a  heat  exchsnger  where  the  air  was  haatad  to  tmnel  stagnation  teapersture. 
Thia  prevents  heat  flow  fron  tha  sipply  lines  to  the  balance.  Hass  flov  aetering  was  accoapliahed  through 
the  aaaa  sonic  venturi  aa  used  in  the  ECF  but  now  located  in  the  wind  tismel  supply  lina. 


A.  HOOCLS 
A.l  CiSiic  Morrla 

Tha  purpoaa  of  tha  cubic  nozzle  was  to  vslidats  the  ECF  and  HST  instruaantation  and  to  aaka  a  coat- 
pariaon  between  both  facilltiae.  The  aodel  is  in  principle  a  blown  nacelle  (Fig.  3).  The  nozzle  gaoaetry 
is  confom  with  tha  dssl9)  used  by  Boeing  (Ref.  6).  The  nozzls  diaanaions  were  chosen  such  that  the  aaaa 
flow  range  Batches  tha  TPS  aaas  flow  range.  A  throttle  plate  positioned  in  front  of  the  nozzle  was 
dssignod  to  aaka  the  praaaura  laval  in  the  siqq>ly  line  equal  to  the  level  during  the  HST  TPS-taats.  This 
was  done  to  have  alaost  Identical  airline  brid^  conditione  during  nozzle  and  TPS-testa. 

Tha  nozzle  instcuaantation  oonsletsd  of  7  total  praaaura  probes  and  9  theraocouplea. 


A.2  Nacelle  With  Turbo  Powered  Siiilatnr 

TTis  nodal  nacelle  was  squippsd  with  a  TDI  AAl  TPS  having  a  fan  diaastsr  of  127  an  (9  inch).  The  core 
and  fan  duct  instruasntatlon  of  tha  TPS  consisted  of  total  taape  eture  and  total  pressure  probe  takas, 
see  Fig.  A.  Experience  has  shown  thst  during  testing  notwithatiiding  procautlons,  one  of  than  being  the 
use  of  a  puzga  systaa,  sobs  probes  nay  bacoaa  blocked  or  Isaky.  The  cause  of  this  frequent  nalfunctlon 
of  TPS  Inirttunsntation  is  due  to  the  aggraaeivs  nature  of  tha  oil  used  for  lubricating  the  bearings.  With 
an  redundant  aBOunt  of  probes  (Fig.  A),  aisslng  one  or  two  probes  dbaa  r.  it  affect  the  sccuracy  provided 
that  all  raaulta  including  those  of  tha  callbratian  are  ripiocaaead  without  tha  faulty  ptobs(a)  or  that 
SOBS  approprlats  satiBats  for  the  alsaing  vsluss  is  nads. 

Apart  froa  the  taka  aasaabliss  tha  TPS  inetiuaintatien  included  thanaocoaplss  far  baarlng  taqpsrature 
nonltoring,  an  accsleratlcn  pick-up  for  vibration  aanitoring  and  an  rpn-tranaduesr. 

TTw  TPS  cowlings  wore,  with  the  exception  of  the  core  plug  and  tha  core  axhaust  duct,  nade  of  aluni- 
niii.  The  core  exhaust  duct  and  the  core  plug  wore  nads  of  a  naterial  with  a  vary  low  tharnal  conductivity 
(Tufnol)  in  order  to  prevent  condensation  and  ics  build  on  trailing  sdge  of  tha  core  axhaust  duet  dua 
to  tha  low  turbine  taaparatura  and  the  huaidlty  in  the  fan  air. 
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4.1 

Tlw  alteMft  aodal  Mlaetad  for  this  inwMtlgrtion  ns  ■  2  i  14  aeals  lwlf-«ndal  of  tho  Aiitaia  type. 
A  plwtagiiph  of  tha  aodal  amaitad  In  tha  NU)  HigK  Spaad  Wind  Tunnel  HST  ia  ahmn  in  Fig.  5  and  a  aketaii 
of  Ui»  aodal  aiUi  ita  aain  dlaanalons  ia  given  in  Fig.  4.  The  aadel  oaa  ettachad  to  a  S-coaponent  etrain 
gauge  balanoe,  aith  the  folloaing  langii 


K1  naiaal  foice 
K2  axial  Foice 
K3  pitching  aoaent 
KS  yiaing  aoaent 
K4  railing  ana ant 


i  20000  N 
:  2000  N 
1  1900  Me 
I  1700  Na 
I  7000  Nn 


The  balance  aaa  aituated  inaide  the  rotating  inner  barrel  of  the  teat  aaction  aidaeall  nodal  aupport 
(Fig.  7).  The  angle  of  incidence  of  the  nodal  ia  eat  by  rotating  the  inner  barrel.  The  repnxiKeablllty 
of  the  angle  of  attack  la  0.01  degree.  The  inner  barrel  carriea  an  and  plate,  the  turntable,  fluah  eith 
the  aide  aaU  of  the  teat  aaction.  A  rubber  aaal  oaa  placed  betoean  the  natric  part  of  the  balance  and 
the  tuintabla  to  prevent  air  leal«^  to  the  planua.  A  ao-called  boundary  layer  plate  ia  attached  to  tho 
turntable.  Thia  plate  ia  non  natric  and  haa  the  eana  contour  ae  the  half  nodal  fuaelage  centre-line 
contour.  It  ccapanoatea  for  the  boundary  layer  on  the  aide  nail  of  the  teat  aaction  and  accoanodatas  a 
labyrinth  eeal.  Thia  aeel  vaa  applied  around  the  entire  fuaelage  circimference. 


The  noaa  and  rear  and  aaction  of  the  half-aodel  fuaelage  nare  equipped  aith  a  ran  of  praaaure  tape, 
aee  Fig.  4.  The  purpoee  of  thane  praaaure  taps  nao  to  get  inforaetion  about  poeeible  buoyancy  effects 
due  to  Jet  Interferance  on  the  fuaelage. 

For  air  supply  to  the  nodal  use  naa  asde  of  a  six  degree  of  fresdca  lon-rsaction  airling  bridge. 

The  non-entric  part  of  the  airline  bridge  naa  attached  to  the  inner  barrel  of  the  side  nail  nodel  aupport. 
The  design  of  the  airline  bridge  nas  Identical  to  the  one  used  at  the  ECF. 


9.  HOOEL  ENGINE  CALIBRATION  FACILITY  TESTS 
9.1  Cubic  nozzle 

A  static  thrust  calibration  of  the  cidiic  nozzle  nas  parfornad  in  the  ECF  keeping  the  tank  pressure 
close  to  anblent  conditions.  The  results  of  the  calibration  are  ahonn  in  Fig.  B  and  9  together  nlth  the 
HST  and  Ref.  6  results.  In  the  HST  test  the  sane  venturi,  inatrunantatlon  and  transducera  sere  used.  For 
a  further  diacussion  of  the  results  see  section  6. 


5.2  Tre 
9.2.1  Bellaiouth 


In  general  the  accuracy  of  bellnouth  mess-flos  metering  (see  section  2.2.1)  is  less  than  that  of 
sonic  venturi.  This  holds  particularly  for  Ion  mss-flon  rates  shore  the  pressure  difference  betseen  the 
inlet  and  the  laeaaurlng  station  becoase  snell  and  measuring  errors  becone  significant,  Honever,  NLR 
experience  haa  ahonn  that  by  combining  bellaouth  and  venturi  results  the  bellnouth  accuracy  limitations 
can  be  relieved.  The  procedure  folios^  is  to  detsraine  first  the  bellnouth  discharge  coefficient  (Cgg) 
sithout  the  TPS  over  the  expected  mass  flan  range  using  the  venturi  bank  ae  the  standard  (Fig,  10).  The 
coefficient  Cgg  naa  calculated  from  the  static  prosaurs  distribution  in  the  cylindrical  part  of  the  bell- 
mouth  and  the  ambient  total  pleasure  and  temperirture.  The  solid  line  in  Fig.  10  is  the  curve-fit  used 
in  the  data  reduction  program.  The  kink  in  the  data  is  assumed  to  be  caused  by  changes  in  the  position 
of  the  boundary  layer  transition  in  the  bellnouth  as  discussed  further  on  in  this  chapter. 

Next  during  the  calibration  runs  nith  the  TPS  installed  the  accuracy  of  the  bellnouth  nass-flov 
metering  is  chewed  versus  the  choked  tank  venturis  at  the  TPS  asxinua  nsas-floe.  Norsover,  to  achieve 
the  required  accuracy,  a  correction  haa  to  be  made  for  the  changes  in  the  humidity  of  the  fan  air.  Then 
in  general  the  difference  betseen  the  tso  methods  is  less  than  0.2  percent.  Also  at  the  lossst  nass-flon 
a  nuVber  of  checks  are  made  nith  the  venturi  bank.  This  maas-flon  inaccuracy  dcmlnatss  the  overall 
accuracy  of  the  TPS  force  calibration  in  tarns  of  Cv. 

A  second  aapsot  of  the  use  of  the  bellaouth  is  its  influence  on  the  force  naasuraaants.  Common 
practics  nas  felMsd  hare  to  neglect  this  efFact  in  the  Cv  calculation.  This  introducas  a  bins  error 
and  in  the  folloaing  discusaian  an  attempt  sill  be  made  to  sstiaata  along  differsnt  lines  the  magnitude 
of  this  faiaa  occor. 

The  foreaa  acting  on  the  bellnouth  can  be  split  into  prssauro.  and  friction-foicaa.  Of  thaae  the 
friction-force  raprssanta  a  loss  norking  in  the  dlrsotion  against  ths  proaaura-forcaa  and  in  principle 
has  to  be  accounted  for.  This  baconee  clear  nhen  one  thinks  of  a  TPS  calibrated  tnice,  once  nith  a  very 
short  bollmouth  and  once  nith  a  vary  long  bellmeuth.  Tho  differance  in  bellnouth  length  sill  result  in 
different  frictiorvforcaa  and  thus  in  different  calibration  raaulto. 


A  flirt  MtlMt*  of  tho  frlctlon-foiCM  oodo  by  calculating  the  boundary  layar  baaed  on  the 
aaaaurert  piaaauia  diatribution  and  uaing  tha  aathod  of  Raf,  7.  Bacauae  the  bound^  layar  tionaition  «aa 
ia*noon  tha  calculation  naa  dona  talca,  onea  with  tha  tianaition  calculated  by  the  piogiaa  and  once  with 
tha  tianaition  flxad  at  tha  auction  part.  The  calculated  tionaition  point  laya  alaoat  at  the  and  of  tha 
ballawth.  For  tha  oalculatad  tianaition  tho  frlrtian>foiea  im  l.S  N  and  for  tha  fixed  tionaition  2,6  N. 
The  calculated  friction  foice  can  ba  cert  in  tha  foni  of  C^,  aheiet 


‘=VB* 

Th*  CftlcuUtad  Cyg-v«luM  m  Indicated  In  Fig.  11  by  the  ctoss  ayabols, 

Tha  aaoond  Cug  aatiaata  ataaa  fxoa  tha  aaaa>irad  Cpg*  In  Raf*  8  it  «aa  ahovn  that  tha  nozzle  Cyg  are 
both  related  to  the  boundary  layar  character iaticap  Tha  Cyg-raeulta  calculated  froa  the  aeaeured  are 
ahoen  in  f  lg«  11  by  the  too  llnea.  The  i^per  line  givaa  tha  raault  for  a  laainar  boundary  layar  and  the 
loear  line  tha  raaulte  for  the  turbulent  boundary  layer.  The  kink  in  the  linee  correeponde  vith  the  kink 
in  the  C^-line  ahoen  in  Fig.  10«  Aa  etated  before  the  poaition  of  the  traneition  point  ie  unknoena 

A  third  eetiaate  coaea  ftoa  direct  balance  aeaaureaente  of  the  bellaouth.  The  C_  ie  aeaeured  force 
divided  by  idMl  thKat.  the  raaulte  are  given  in  Fig.  11  by  the  circlee.  ^ 

The  raaulte  froa  the  three  aathode  egree»  given  tha  uncertainty  in  traneition  locationp  reeaonably 
veil.  The  conclueion  to  be  dreon  froa  thia  ie  that  the  friction-force  ie  at  aexiauR  about  1.2  percent 
of  the  bellaouth  ideal  thruet  ehich  at  aaxiaiai  fan  aaaa-floo  correeponde  to  211  N.  At  thia  condition  the 
TPS  producea  462  N  thruet  and  the  biaa  error  in  the  calibration  ie  therefore  D.5  percent. 

Although  application  of  thia  correction  lookea  etreight  forward,  there  ie  a  coapllcation.  During 
the  calibration  part  of  the  inlet  la  replied  by  the  bellaouth.  In  tlW  wind  tunnel  the  inlet  part  ie 
counted  again  end  in  fact  the  friction-force  on  thia  part  reducee  the  bellaouth  biaa  error.  An  eatiaate 
of  thie  reduction  le  difficult  to  give. 


i.2.2  TPS-calibi«tlon 

To  evaluate  the  engine  interference  dreg  the  thruet  developed  by  the  TPS  hee  to  be  eibtrected  froa 
the  oind  tunnel  aodel  forces  aeaeured  by  the  balance.  For  the  thruet  calculation  it  ie  neceeeery  to  knov 
the  T^  nozzle  velocity-coefficiente  Cyg,  Cyig  and  the  discharge  coefficient  Cgig  ee  e  function  of  the 
nozzle  pressure  ratio  (NPR)  or  the  fan  aeee-Tloo  Aig  versus  the  rpa  both  corrected  to  ISA  see  level  con¬ 
ditions  (for  engine  station  nuaberlng  see  Fig.  17) »  The  coefficients  oere  aeaeured  for  the  wind  tunnel 
Hsch  nuabere  in  the  FCF  over  a  range  of  rpa'a  covering  the  range  between  flow  through  end  the  cruise  power 
aetting.  The  Cyg-coefficient  cannot  be  aeaeured  in  the  tCF  and  must  be  obtained  froa  e  eeparete  ioolated 
nozzle  teat.  Thle  coefficient  le  notaelly  provided  by  the  aanufecturer.  In  the  preeent  inveatigetion  Cyg 
was  eat  unity. 

Typical  exeaplee  of  the  Cyig  and  Ax8  ^Masured  at  equivalent  Hech  nuabere  of  0.70,  0.76,  0.80  and 
in  fig.  12  end  13*  -  ^ 


0.82  respectively  are  ehovn  in  Fig. 
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Th.  fan  nozzle  velocity  coefficient  ie  defined  aei 
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in  ehich  the  fen  thiuet  F^p  ie  the  diffeience  between  the  engine  gioee  thiuat  F  meaured  by  the  ECF 
balance,  lelnue  the  calculated  coie  thiuat: 


18 


81 


■ing  ideal 


The  ideal  velocities  aie  calculated  fio.  the  irte  total  pieaauies  and  teeipeietuiea 
exprtsion  to  aafelant  condition*. 

The  Cyig  end  Aip  laaulta  foi  the  foui  Hech  nurtaie  (aae  Fig.  12  and  1»  ahow  with  the  exception  of 
the  lomrt  Kich  maBei  and  high  NPR  hudly  any  NMh  mabei  dependence.  A  nurtai  of  datapolnte  me  lapmtad 
and  bmad  on  thaae  pointa  and  piioi  axpeiiance  in  tha  lo.  NMh  nurtei  mnga  (Ref.  9}  the  repmtehillty 


in  C, 


is  ertlmtad  to  ba  brttei  than  O.A  peicant  (see  Fig.  12)  and  Foi  bettei  tian  0.2  peicant. 


Vie 

Ouilng  the  crtibiatlon  tmt  an  enomly  in  the  long  tai.  upmtebllity  «as  obaeivad.  This  enomly 
ms  mat  pionounced  In  the  fan  dtschaige  cmfficisnt  m  ihmn  in  Fig,  lA  whm.  imulte  fra.  them  tmt 
eun.  at  an  aguiralmt  Hech  mabei  of  0.82  ai.  given.  Tm  ef  the  them  ran.  fall  mil  within  tha  0.2  paicent 
eerttsi  band  but  the  laiults  of  the  thiid  lun  deviate.  Tha  explwatim:  fee  thi*  i»  that  due  to  the  meuau- 
letion  of  duet  on  the  fan  bladm  the  peifoimnce  of  the  fan  degiaded.  It  me  not  until  a  mabei  of  tuns 
eith  an  unexpected  bwl  lapiuduceablllty  mi.  aade  that  th.  durt  anaulation  ms  dlscovaied.  Aftai  the 
blMlm  mis  caiefuUy  cleaned  and  the  fUtiation  of  tha  fan  ali  coaing  fioa  outdooi*  m.  dnrtioally 
iitpioved  no  fUithai  pollution  pioblem  mi.  aneowitarad.  Foi  orth  Nmh  raabai  ■  fourth  dagi..  polynmial 
me  cuim  flttod  through  th.  m  a  nactlon  of  th.  ipo  ledumd,  th.  awl  tha  Cyip  m  ■  function 
of  tho  NPR.  Thmo  polynoaiolo  mro  uood  in  tho  oind  tunnol  doto  piooomint.  A  ftnthor  ort  of  uood 
in  tho  oind  tunnol  on  tho  total  proooun  and  taRieiotiire  diatilbutiona  omoui.d  by  the  fan  and  con  tokm. 
Tha  ahopa  of  thorn  diatrlbutiono  during  tho  oind  tuwial  aid  calibntion  tort  should  bo  equal.  Any  change 
ortm  tha  appUsdbUlty  of  tha  calibntione  aartlaniblo.  An  axart)*  of  tha  fan  axit  piaaoum  diatrlbotinn 
ia  given  in  Fig.  15.  Nsioover  o  good  lapioduiaabillty  during  ealibiation  m  mil  m  during  tha  oind  tunnol 
tmt  laquiim  that  tha  TFS  io  in  thaiml  equiUbciuo.  Thia  am  oonitoiod  by  tracing  tha  output  of  one 
of  tho  Irte  thomocouplm  m  a  Function  of  tiao. 
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6.  untt  IWEL  TEST 


Prior  to  ttio  tumol  oainting  tho  holf-oorfol  iioloneo  oas  axtmoively  eolibrotad  in  tho  Calibration 
Rooai  in  tha  rolloaing  oonPigurationai 

a  Tha  clatn  balanca,  aithout  airing  for  nodal  inatnaantation  and  loo-taaction  air  aupply,  to  dataiaina 
the  atondard  calibration  eoafricianta  indar  aingla  and  c<iid>inad  farcaa  and  aooanta. 

a  Tha  balanca  aqnitgaid  aith  airing  for  inatrunantation  and  tilling  for  tho  TPS  lubrication  ayatan  bataoon 
tha  natric  and  tha  non  aatrlc  part.  Tha  influanco  of  tha  airing  and  tiisaa  provod  to  ba  na^igible. 

a  Tho  balanca  aqulppod  aith  tha  loa-raoction  ai^ply  ayatao  praaaurizad  at  varioua  lavnla  (1-40  Bar). 

Thia  raaultad  in  a  aaoll  praaoura  dapandant  influanco  on  tha  axial  forca  (loan  than  1  N)  and  pitching 
aaaant  (laaa  than  1  tbi).  Thaaa  offaeta  oora  accomtad  for  in  tha  data  roduction  of  tha  aind  tunnal 
taat. 

Next  tha  balanca  aaa  oountad  on  tha  aide  oall  aodal  aigiport  of  tha  HST  taat  naction  and  a 
’’calibration*  in-altu  aoa  axanitad.  With  a  opaclal  rig  axial  forcaa  of  2000  N  could  ba  appliod  by 
aoana  of  daod  oaighta.  Noraovor  nomal  forcaa  of  */-  10000  N  oora  appliod  in  conbination  aith  tha  axial 
forca  by  cabla  pull  aaoaurod  by  a  load  call.  Thia  lad  to  acaa  aaaential  iaprovaoantai 

a  Tha  adjuatait  of  tha  FPC  aloaont  oaa  ioprovod. 

a  An  axial  forca  eorraction  duo  to  tha  daforaation  of  tha  lubbar  aaol  (aaa  fig.  7)  botaeon  nodal  adaptor 
and  tumtobla  naa  nocaoaary. 

Aftar  introduction  of  thaaa  iaprovaaanto  tha  accuracy  in  axial  forca  (X2)  of  tha  balanca  aguippod 
in  ita  final  configuration  provad  to  ba  battor  thani 

*/-  0.4  N  if  .200  <  X  K2  <  200  N 
1.0  N  if  -2000  <  X  K2  <  2000  N 

Thia  corrooponda  at  H  x  0.8  to  +/-  0.3  raapactivaly  */-  0.8  drag  counta  for  tha  indicatad  K2  rangaa, 

Aftar  oonplotlon  of  tha  holfHOodal  taat  in  tha  aind  tumal  tha  in^itu  "calibration*  aaa  rapaatad 
aith  tha  oona  accuracy  roaulta. 


8.2  CiAilc  nonla  taat 

Tho  naxt  atop  in  tha  validation  of  tha  taat  aet-up  oaa  done  by  naana  of  a  cubic  nozzle  teat  at  HxO, 
The  cdbic  nozzle  (aaa  Fig.  3]  oaa  mounted  on  tha  balance/oodel  adapter  and  connectad  to  the  air  aupply 
ayataa  thua  enabling  to  check i 

a  Tha  validation  of  tha  balanca  calibration  and  the  loa-raaction  air  atppiy  ayatan  influanco  under 

flea  through  condition  (including  tangiaratura  variationa  of  the  ai4>ply  air). 

a  Tha  aind  tunnel  inatruaentation,  data  acquiaition  and  data  reduction  aa  far  aa  tha  forcaa  and  nonanta 

maaaureaant  ie  concerned. 

The  reaulta  of  tha  cubic  nozzle  teat  axpraaaad  in  the  velocity  coafficiant  CyQ  and  the  diacharga 
coefficient  Cnc  are  preaonted  aa  a  function  of  the  nozzle  praaaura  ratio  NP8  in  Fig.  8  and  9.  Alao 
praaonted  in  thaaa  figurea  ora  reaulta  frooi  the  aaan  nozzle  tooted  in  the  ECF  and  reaulta  from  Raf.  6 
for  ainilar  nozzlee.  A  ayateaatic  differance  batvean  HST  and  tha  ECF  of  0.003  ia  found  for  Cy^  and  of 
0.005  for  Oqq.  khan  the  differencaa  in  Cyc  are  related  to  tha  tangential  force  coefficient  of  the  half- 
oodel  thia  aoana  on  orzor  of  0.2  -  O.S  dreg  counta  dapondlng  on  nAI  thua  about  0.3  counta  in  intarfarence 
drag.  The  diffaroncea  betoeen  tha  HST  reaulta  and  the  neon  value  given  in  Ref.  6  ere  For  Cyg.  about  0.005 
and  for  Coq  about  0.004.  Uhon  the  balanca  accuracy  ia  taken  into  consideration  (0.4  N)  than  it  la  clear 
that  batter  Cyr  agraaaent  hardly  can  be  expected.  Although  the  Cor  datapolnta  lay  nearly  on  tha  ocatter 
band  given  in  naf.  6,  the  raaaon  for  tha  oyatoaeitic  diffaronco  betaaen  tha  ECF  and  HST  valuoa  requirea 
further  oxpariaantal  Invoatigation  of  tha  aaaa-floa  netaring  ayataa.  Thia  ahould  include  a  direct 
conparioon  of  tha  too  aaaa  floa  oatering  etationa  and,  to  chock  the  obooluta  accuracy,  a  prioory 
calibration  of  one  of  tha  etationa.  Noroover  tha  liaitad  Inatrunantation  of  the  cdblc  nozzle  (only  7 
praaaura  and  5  taopantura  piobao)  togather  aith  a  nen-optinizod  floo  etralghtoner  in  front  of  the 
proaauro/taaparatura  rakao  night  contribute  to  thia  affect.  Novartholaaa  tha  cubic  nozzle  teota  ahogad 
that  tha  taat  aat-cp  and  inatrunentatlon  (alnd-off  condition)  oaa  aufflciently  raliable  to  dataiaina  the 
jet  intarfarence  dr^  to  tha  raquirad  accuncy  level. 


8.3  Half^iodal  taat 

After  oaoplatlon  of  the  odilc  nozzle  taat  the  half-oodal  aith  TFS-nacolle  oaa  inatalled  aithout  any 
changaa  on  tha  already  proparod  and  chackad  balance  and  air  aigiply  ayataa.  Tha  uaod  half  aodal  tachnlqua 
hilly  confoioad  aith  tho  atondard  NLR  oathod  doaerlbad  in  Aaf.  10.  Tfia  nain  faeturaa  of  tha  oathod  arei 

a.  Boundary  layer  Plata  bataean  half-andal  and  teat  aactien  aide  eall,  aaelod  aith  labyrinth. 

a  Body-alona  correction  on  noroal  force,  axial  forca  and  pitching  nonant  eoefficianta. 
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•  E^irlcai  Mil  intarferance  correctlorw. 

With  napsct  to  tho  inotxuMntatlon  and  handling  tho  rollovlng  ranaika  ora  Mdai 

a  Tha  pcaaauia  tranaduoara  uaad  for  tha  ■aaoutananta  of  aaaa-floa  and  TPS/nacalla  praaaura  aara  tha 
aoaa  aa  thoaa  uaad  during  tha  calibration  of  tha  TfS  in  tha  UCF,  Also  in  tha  HST  and  ECF  the  aaae 
vanturi  aaa  uaad  for  tuibina  («cora)  mm  floa  naaourananta. 

a  For  all  aind  timal  and  TPS/nacalla  praaaura  aaaaurananta  tha  aaiaa  rafaranca  praaaura  aaa  uaad 
(P-banaatric)* 

a  All  turmal  and  TPS/nacalla  taaparaturaa  aara  aaaautad  by  chtOMl/aluael  thexaDcouplaa  aith  the  aaae 
rafaranca  (273,1S  K). 

a  All  tunnal  and  aaaa*floa  praaaura  aaaauraaanta  aara  checked  by  a  back«up  (aaaaurlng  tha  aaaie  value 
independently  a  aacond  tiM). 

a  The  aingla  aaaautad  tunnel,  vanturi  and  reference  preaaurea,  the  balance  coaponents  and  the  rpa  aere 
read  out  continuoualy  (46*  par  datapoint)«  All  acannad  piaaauraa  and  tenperaturae  (TPS/nacelle)  aere 
read  several  tiaae  par  datapoint«  In  the  data  reduction  the  arithMtic  aeana  aere  used  for  further 
procaaaing. 

a  On  the  nose  and  tall  of  the  fuselage  20  praaaurea  aere  aeaaured  to  obtain  infoiaiation  on  buoyancy 
effects  due  to  TPS  poaer-aetting* 

a  On  the  tunnel  aall  (slats),  above  and  beloa  the  nacelle  praaaurea  aere  aaasured  to  signal  possible 
changes  in  aall  interference  effects  due  to  TPS  poaar-aetting. 

The  teat  procedure  coaprieed  incidence  polara  for  the  folloaing  conditional 
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The  change  in  the  measured  pressure  distribution  on  tha  fuselage  shoaed  that  the  Influence  of  TPS 
poaer  aetting  on  the  fuselage  pressure  drag  coefficient  is  lesa  than  0*2  drag  counts.  Since  the  slat 
pressures  on  the  tunnel  upper  and  loaer  walls  were  independent  of  the  TPS  power  setting,  the  influence 
of  the  poaer  aetting  on  the  aall  interference  is  assimied  to  be  negligible* 


7. 

The  main  parameters,  used  for  the  investigation  of  engine  interference  effects  (fig*  16)  are 

a  installation  drag,  which  is  generally  the  difference  between  the  model  aith  and  without  nacelle/ 
pylon  and 

a  jet  interference  dreg,  which  is  the  difference  between  the  model  aith  and  without  engine  floa 
simulation. 

Jet  intarferanca  drag,  which  is  often  defined  aa  the  difference  between  a  modal  aith  Jet  eimulation 
and  one  with  a  conventional  through  floa  nacelle  (TTN).  This  allows  to  do  the  major  part  of  tests  in  an 
oircieft  development  program  on  modala  with  a  simple  TFN  and  to  evaluate  the  jet  interference  increments 
only  from  some  special  tests. 


7,1  Thryefc  caieulmtinn 

Becsuss  the  TPS  is  mounted  directly  to  the  model  and  hence  to  the  balance,  it  is  neceseery  to 
subtract  the  actual  thiuet  from  tha  overall  balance  foicas  in  order  to  gat  the  required  aerodynamic  loads. 
Net  thrust  is  calculated  aa  folloas  (Fig.  17) i 


with 


'■q  =  ''is  ♦  ''a 

°  *18  '  ''iSi  •  S^IS  *  *B  •  *81  •  •'*’ 
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Fj  la  wting  along  the  «!•  of  tho  tunn«l  flo.  md  F^j,  F^  at.  Ktlng  along  angina  axia. 


Tha  valuM  For  Cgi,  and  are  obtained  Fro.  tha  calibration,  Sg  "oowired  In  the  drive  air  line, 
and  vg^  at.  clculitad  Fro.  protaurea  and  taaiperatiireo  maaorra  on  the  rakes  behind  Fan  and  turbine 
and  Cyg  la  aqual  one  (ace  chapter  $.2.2). 
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7.2  TPS  wriM  IfW 

For  tiM  ifMMctigitifln  dMcrited  hec«»  th»  TPS  vm  not  only  uood  to  sinulato  an  enoino  with  Jot  flov 
ootteaponding  to  eraiaa  condition,  but  alao  for  the  alioilatlon  of  a  thiouf^  floe  nacelle.  The  TFrUcondition 
eoa  defined  euch  that  Ptis/pto  *  1*  teaulting  in  vtai  c  Va*  Thia  definition  la  baaed  on  the  aaaiaytion 
that  the  aain  difference  oetoean  a  TFN  and  a  real  engine  la  due  to  the  effecte  beteeen  ving  and  nacelle. 
To  drive  the  TPS  et  the  TFH-oondition  a  aaall  anait  of  drive  air  eaa  required.  Ae  the  firet  teata  ahoeed, 
the  priaary  nozzle  preeaure  ratio  (Pts/Po)  beloe  one  for  thia  condition  at  loe  anglee  of  attack,  ao 
that  it  eaa  not  poaaible  to  calculate  the  turbine  nozzle  exit  velocity  fron  thia  ratio  and  hence  no  turbine 
thruet*  The  reaenn  for  thia  effect  ie  the  influence  of  the  flowfield  under  the  ving  vhich  alao  affecta 
the  atatic  preeaure  behind  the  turbine  for  thia  eubcriticel  floe  condition  (Fig.  18).  The  teate  ahoeed  an 
increaaing  preeaure  p^s  vith  incraaaing  incidence,  ao  that  for  anglee  around  crulae  condition  the  turbine 
thruet  calculation  poaM  no  probleee. 

Ae  theaa  variationa  in  the  atatic  preeaure  field  beloe  the  eing  are  the  sane  for  a  teat  vith  a  con¬ 
ventional  TFN  the  only  problea  for  the  TPS-toat  vae  to  find  a  vay  to  calculate  the  true  core  nozzle  exit 
velocity  in  order  to  coae  to  a  reeult  vhich  can  be  coopered  vith  a  TFN-teet* 

To  overcoee  the  problea,  the  folloving  aolution  vae  foundt 

Ueing  p^s,  T^s,  A4  ae  neeeured  behind  the  turbine  reap,  in  the  drive  air  line  plus  the  core  nozzle 
exit  area  A^g,  it  is  possible  to  calculate  the  core  nozzle  exit  Hach  maiber  by  iteration  of  the  folloving 
equation I 

(>•  -N- VF 

The  nozzle  exit  values  for  tenpereture  and  static  preeaure  are  calculated  ftoa 


the  core  thrust  is 


'‘a  *  *8  •  “8  *  -  "o'- 


The  application  of  these  equations  for  the  TPS  running  at  TFN-condition  is  shovn  on  Fig.  19  together 
vith  the  result  obtained  using  the  conventional  pncedurn.  The  agresatent  betveen  the  tvo  eethods  is  vary 
good  for  all  cases  vith  po  ^  pQ,  vhile  for  Pg  <  p  only  the  vay  described  above  produces  acceptable  re¬ 
sults.  So,  this  latter  meumd  was  applied  for  all^TPS-wnditions  without  posing  problems. 


7.3 

The  most  inportsnt  question  during  the  first  TPS-tests  in  the  NLR-HST  crversd  the  repeatability  of 
the  dreg  meeeuremente.  For  this  purpose  runs  with  the  TPS  at  TFN  end  cruise  pover-eetting  sere  repeated 
several  times  including  such  procedures  ee  tunnel  stops,  tests  at  the  beginning  and  the  end  of  a  longer 
run  ae  vail  as  longer  time  intervals  between  to  teete  (weekend).  Ae  can  be  seen  from  Fig.  20,  ell  results 
were  eithin  or  close  to  the  required  scatter  bend  of  •*'  1  dreg  count.  Thie  le  valid  for  the  TFN  ee  sell 
ea  for  the  cruiae  condition.  To  realize  euch  hi^>«queTity  results  in  combination  eith  e  running  TPS,  e 
permanent  control  of  ell  paremsters  needed  for  thniet  calculation  is  neceeeary,  i.e.  ell  preeeuiee  end 
tempereturee  measured  by  the  rekee  behind  fan  end  turbine  ae  veil  as  the  drive-air  Msefloe  must  be  com¬ 
pered  eith  their  corresponding  calibration  values.  If  this  would  not  be  done.  Just  the  blockage  of  e 
single  preeaure  port  (out  of  30  in  the  fan  and  16  in  the  turbine)  could  be  sufficient  to  produce  an  error 
in  the  thruet  calculation  of  >  0.3  percent,  ehich  in  turn  ie  already  equivalent  to  the  1  dreg  count,  the 
good  for  the  overall  repeatabTlity  of  the  teat  reeulte.  From  this  it  can  be  concluded  that  each  single 
parameter  required  for  thruet  calculation  should  have  e  repeatability  of  *  0.1  percent  or  even  better. 

7.4  Use  of  TPS-tmchnloue 

Ae  mentioned  above,  the  TPS-technique  ^nerally  can  be  used  to  investigate 


e  Jet  interferences  for  one  configuration  or 


e  effects  due  to  configuration  changes  for  one  single  engine  poeer-eetting. 

To  inveetigste  the  Jet  interference,  some  teats  vith  the  TPS  running  at  TFN-raapactively  cruise- 
condition  were  done  for  different  Nach-noe.  One  of  these  typical  reeulte  ie  ehoen  on  Fig.  21.  As  can  be 
seen  from  this  figure,  the  interference  dreg  rarietlon  due  to  smell  RPH-veriations  around  the  cruise- 
condition  vae  quite  amell  and  sell  eithin  the  scatter  band  of  +  1  dreg  count. 

An  example  for  the  ^iveetigetion  of  configuration  changes  in  relation  which  different  engine  power- 
settings  is  shown  on  Fig.  22.  This  teat  vee  done  in  connection  eith  the  question  ehether  drag  veriatlone 
due  to  small  flap  setting  changes  in  the  so  celled  variable  cwfcsr  concept  (V.C.)  can  be  effected  by 
angina  power-effects  or  hov  reliable  are  TFN-teete  in  this  respect.  Ae  can  be  seen  from  the  diagram,  the 
results  sere  not  influenced  by  power-setting  or,  in  other  eortta,  no  further  corrections  had  to  b. 
to  the  corresponding  TFN-teets. 
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6.  CQNaUSlONS 

In  the  H5T  dnQ  force  eeeeureemte  heve  been  eoeo^liehed  on  e  helfeodel  equipped  with  e  TPS  nacelle 
repreeenting  en  Airbue  type  of  aircraft* 

The  teat  reeulta  ahov  that  the  Jet  interference  due  to  poeer  eetting  of  the  TPS  (1.0  <  NPR  <  1.6) 
could  be  eeeeuted  with  a  repeatability  of  1  dreg  count.  Thia  reault  aae  reached  by  application  of  a 
teat  approach  including  aeveral  checka  during  cal^retion  and  aind<^  teata  in  the  CCF  and  HST  reapecti- 
valy.  In  particular^  the  ctiiie  noz2le<*taata  aa  a  ^ferance  betvaan  ^  and  HST  for  the  asaeaeaent  of  data 
accuracy  and  aa  a  final  overall  check  of  the  facility  inatriaiantatien,  data  acquiaition  and  data 
reduction  proved  to  be  very  valuable. 

However^  the  iaprovaaent  of  aone  dataile  in  the  teat  procedure  la  atill  poaaible  and  will  be  puraued. 
Baaed  on  the  recent  Hn/li.R  experience  apecial  attention  ahould  be  given  to  the  deteieiination  of  bellaouth 
friction-forcea  during  calibrationa  in  the  CCF. 

Furtheroni  Uw  value  of  the  cubic  nozzle  teata  aa  en  overall  check  can  be  enhanced  with  improved 
nozzle  inatrunentation. 

Finally,  possible  improvemante  in  the  mass  flov  oeeauring  ayatao  eill  be  considered. 
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Engine  Slnulator  Tests: 

Caaparlsen  of  Cslibration  end  Mind  Tunnel  Results 
!>» 

H.  Raunart.  B.  Binder,  H.  StCgar 


Oauttcha  Forschunga-  und  Varsuchaanatalt  fur  Luft-  und  Rauafahrt  a.V. 
Nauptabtailung  Windkanila 
BunaenatraBa  10,  0-3400  Gdttingan,  Waat-6araany 


SuMiry 

A  Turbina  Powered  Siaulator  (TPS  441)  haa  bean  taatad  with  a  ballnouth  inlet  in  the 
calibration  tank  and  with  a  flight  inlet  in  the  low  apaad  wind  tunnel  at  DFVLR  GOttingen. 

Local  Machnuiibar  diatribution  ahowa  good  agraaaent  in  both  facilitiaa.  The  Pitot  praaaure 
diatribution  behind  the  fan  however  la  different.  Thia  ia  probably  due  to  the  different 
inlet  configurationa .  The  nozrle  coefficienta  obtained  in  the  calibration  tank  are  uaed 
to  calculate  the  thruat  of  the  aieulator  in  the  wind  tunnel.  The  coepariaon  with  the 
thruat  eeaaured  in  the  wind  tunnel  ahowa  that  additional  correctiona  have  to  be  applied 
when  evaluating  wind  tunnel  neeaureaenta  with  TPS. 

List  of  Syabols 


Nachnufflber 

reduced  rotating  speed,  NRED  -  n/45000 
periffleter  angle,  starting  at  the  pylon 
fan  pressure  ratio,  F-PR  *  **tl5^**t0 
fan  nozzle  preesure  ratio,  FN-PR  »  ^tlS^^lB 
discharge  coefficient,  CO  « 
velocity  coefficient,  CV  * 
thruat  coefficient,  CT  «  CV  *  CD 
absolute  temperature 


208.15/Tq 


m  kg/s 

Subscripts 


mass  flow 


free  stream  conditions 
behind  turbine 
exit  of  primary  flow 
behind  fen 

exit  of  secondary  flow 
ideal  conditions 


1.  Introduction 

Interferences  between  engine  and  airframe  may  cause  considerable  reductions  in  flight 
performance  of  on  aircraft.  In  order  to  get  more  information  on  these  effects,  DFVLR  haa 
created  a  test  program  on  engine  interference  problems  with  a  Turbina  Powered  Simulator 
(TPS)  and  a  half-model  of  a  transport  aircraft.  This  program  consists  of  three  steps 
(fi9l)> 


The  use  of  TPS  in  wind  tunnel  testing  presumes  careful  calibration  of  the  simulator.  The 
csllbretiona  are  performed  in  a  calibration  tank  (fig. 2)  which  simulates  the  wind  tunnel 
Nachnumbor  by  impressing  an  equivalent  pressure  ratio  between  inlet  and  exit  of  the  TPS 
and  sucking  the  mass  flow  through  the  TPS  into  a  vacuum  vassal.  This  tank  has  been 
described  at  the  A6AR0  FOP  Symposium  at  Cosmo  in  1983  (rsf.l). 


The  cslibration  ia  chocked  by  performing  measurements  with  the  TPS  mounted  on  e  single 
strut  in  the  low  speed  wind  tunnel  of  DFVLR  GOttingen  (fig. 3, ref .2) . 


f 


Step  3; 

Neasurppentt  are  conducted  with  the  TPS,  eountad  on  a  half-eodel  in  the  low  spaed  wind 
tunnel. 

These  steps  will  give  ua  eora  inforeation  about  the  installation  intarfarsncs  especially 
at  which  parts  of  tho  angina  or  airfraae  these  interferences  occur.  Step  1  end  Step  2 
have  been  perforead.  This  paper  presents  soe#  coepariaons  between  the  neesureeents  in 
the  calibration  tank  and  the  wind  tunnel. 

2.  Teat  setup 

The  calibration  tank  (fig. 2)  is  eguippad  with  s  balance  to  seasure  the  thrust  of  the 
engine.  The  intake  air  is  taken  at  asbient  conditions  fros  the  laboratory,  the  exit 
flow  is  sucked  into  a  vacuus  veesel  via  7  sonic  venturi  nozzles  to  seasure  the  exit 
sees  flow.  The  turbine  drive  air  is  seasured  by  another  sonic  nozzle  before  entering  the 
setup . 

The  TPS  is  sounted  on  the  inner  ring  of  the  balance  (fig. 4).  The  fan  cowl  is  sealed  in 
the  front  plate  of  the  tank  by  using  a  labyrinth.  To  provide  undisturbed  flow  to  the 
aisuletor  a  bellnouth  inlet  is  used. 


In  tho  low  speed  wind  tunnel  the  TPS  is  sounted  on  a  half-aodel  balance  (fig. 4).  The 
strut  with  airsupply  as  well  as  the  balance  are  inside  a  windshield,  so  only  the 
aerodynasic  forces  on  the  TPS  including  the  pylon  are  seasured. 

Two  seasuring  planes  inside  the  TPS  are  installed  behind  the  fan  (plane  15)  and  behind 
the  turbine  (plane  5),  see  fig.S.  Each  plane  consists  of  total  pressure  rakes, 
tesperature  probes  and  static  pressure  holes  at  the  wall.  Additionally  there  ere  static 
pressure  holes  in  the  inlet,  on  the  core  cowl  end  on  the  plug.  In  the  wind  tunnel  there 
are  also  static  pressure  tappings  on  the  fan  cowl.  The  pressures  are  measured  with  four 
Scanivalvea  with  appropriate  pressure  transducers. 


The  first  TPS  calibration  in  the  calibration  tank  has  shown  some  imperfections  of  the 
measuring  technique  which  have  been  corrected  in  the  meantime; 

•  The  control  unit  for  the  compressed  air  supply  has  been  improved  to  get  a  faster  and 
more  steady  control  of  the  rotating  speed  of  the  TPS. 

•  The  Scanivelve  system  which  does  not  measure  the  total  pressure  survey  at  the  same 
time  was  exchanged  by  a  fast  low  level  pressure  scanner  with  a  aerial  polling  rate 
of  20  kHz. 

•  A  real  time  data  reduction  has  been  installed,  so  errors  can  be  detected  earlier  than 
before. 

These  improvements  have  been  tested  with  other  model  engines  in  the  meantime. 

^  3.  Rmeults 


The  static  pressure  measurements  are  reduced  to  local  Mechnumbers  (fig. 6).  For  the  fen 
and  turbine  exit  flow  the  Nachnumbers  are  calculated  with  the  erea-eversged  total 
pressures  measured  with  the  rakes.  There  is  a  good  agreement  between  calibration  tenk 
and  wind  tunnel  measurements.  In  the  esse  of  wind  tunnel  test  the  local  Machnumber 
distribution  at  the  nose  contour  of  the  nacelle  shows  for  the  inner  surface  an 
overexpenaion  up  to  Ha  -  0.73  followed  by  a  sudden  recompression.  It  is  not  possible  to 
decide  whether  separation  is  induced  by  this  recompression.  In  front  of  the  fen  the 
Machnumber  is  about  0.5  in  both  facilities.  In  the  fan  nozzle  the  flow  is  accelerated 
from  Nachnumbers  of  about  0.4  up  to  exit  Nachnumbers  of  0.9.  The  exit  Machnumber  of  the 
primary  nozzle  is  about  0.7. 

Most  Important  for  ua  is  the  total  pressure  survey  behind  the  fan.  The  averaged  value  of 
this  survey  is  used  to  calculate  the  nozzle  coefficients  which  are  the  link  between 
calibration  and  wind  tunnel  test.  These  total  pressure  distributions  however  differ 
quite  a  lot  between  calibration  tank  and  wind  tunnel.  In  fig. 7  the  measured  total 
preesures  ere  plotted  versus  the  perimeter  angle  for  different  radial  positions  of  the 
probes,  while  the  lowest  curve  of  each  diagram  is  the  static  pressure  at  the  casing. 
There  ere  plots  for  the  simulated  Machnumber  0  (left)  end  0.17  (right)  measured  in  the 
calibration  tank  (top)  and  the  wind  tunnel  (bottom) .  In  the  calibration  tank  the  total 
pressure  profile  is  mors  uniform  than  in  the  wind  tunnel.  The  level  of  total  pressures 
close  to  the  casing  is  lower  and  close  to  the  hub  is  higher  for  the  wind  tunnel  test 
results  than  for  the  cslibrstion  tank  values,  while  the  static  pressures  measured  at  the 
casing  agree  very  well  for  both  tests.  Probably  the  bellmouth  inlet  which  was  used  in 
the  calibration  tank  provides  s  much  more  uniform  inlet  flow  than  the  inlet  used  in  the 
wind  tunnel.  The  angle  of  incidence  however  has  no  influence  on  the  total  pressure 
profile  behind  the  fan  (fig. 6)  in  the  wind  tunnel  measurement. 


Although  tho  total  preasure  profile  behind  the  fan  is  quite  different  between 
calibration  tank  and  wind  tunnel  the  area^averaged  velue  of  the  total  pressure  in  plane 
15  is  quite  the  same  when  plotted  vereua  the  rotational  speed  (fig. 9).  There  is  no 
influence  of  the  simulated  Machnumber  on  the  fan  pressure  ratio  F-PR,  defined  as  the 
average  total  preasure  behind  the  fan  divided  by  the  total  pressure  Pq  in  front  of  the 
engine.  Fig. 10  ahowa  the  difference  of  averaged  total  temperatures  benind  and  in  front 
of  the  fan  varaua  the  fan  pressure  ratio.  The  total  temperature  in  plane  15  and  tho 
total  praasaura  P^..  allow  ua  to  calculate  ideal  exit  conditions  in  plane  18,  by 
aaauming  an  iaentropic  expansion  in  tho  nozzle  to  the  pressure  in  the  calibration  tank. 
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Th«  fan  floia  it  obtainad  by  aubatracting  tha  turbina  aaaa  flow  aeasured  by  a  aonic 

nozzla  froa  tha  total  aaaa  floa,  aaaaurod  at  tha  aait  of  tha  calibration  tank  (fig. 11). 
We  aaa  that  fan  aaaa  floa  Incraaaaa  with  aiaulatad  Nachnuabar  for  loa  rotating  apaeda. 
Whan  approaching  choking  conditiona  of  tha  nozzle  tha  influence  of  aiaulatad  Hachnuabar 
dacraaaaa.  In  tha  aaaa  aay  tha  groae  thruat  of  the  TPS  Incraaata  with  aiaulatad 
Nachnuabar  (fig. 12).  Tha  groaa  thruat  la  tha  total  aait  aoaantua  of  fan  and  turbine 
nozzlaa.  Wa  obtain  it  by  correcting  tha  balance  force  with  the  force  due  to  the  praaaure 
diffarenca  bataoan  tank  and  laboratory.  The  fan  thruat  ia  evaluated  by  aubatracting  the 
thruat  of  tha  turbina  froa  tha  groaa  thruat.  The  turbine  thruat  ia  calculated  froa  the 
aeaaurad  aaaa  flow,  tha  total  conditiona  aaaaurad  in  plana  5  and  a  velocity  coefficient 
CV  for  the  turbina  nozzla  givan  by  tha  aanufacturer .  Tha  real  exit  conditiona  are 
calculated  with  the  aaaaurad  fen  aaaa  flow  and  thruat  in  the  calibration  tank. 

Dividing  the  real  aaaa  flow  by  tha  ideal  aaaa  flow  wa  obtain  the  diacharge  coefficient 
CD  of  tha  fan  nozzla.  In  tha  aaaa  way  wa  get  the  velocity  coefficient  CV  by  dividing  the 
real  velocity  (obtained  froa  real  thruat  and  aaaa  flow)  by  tha  ideal  velocity.  The 
thruat  coefficient  CT  la  tha  product  of  both  (fig.  13).  Whan  wa  look  to  thaae 
coafflclenta  we  find  quite  a  acatter  for  nozzla  praaaura  ratioa  higher  than  1.3.  Looking 
to  tha  unreduced  data  and  croaa-checking  different  reaulta  we  aaauae  aoaa  leakage 
effecta  in  the  Scanlvalve  ayatea  which  wa  uaad  to  aeaaure  the  total  praaaure  surveya.  In 
apite  of  thaae  uncerteintiea  we  uaed  a  linear  approach  of  CD  and  CT  to  calculate  the  fan 
thruat  froa  the  ideal  fan  nozzle  exit  conditiona  (plane  IB)  of  the  TPS  for  the  wind 
tunnel  taet. 

The  total  praaaure  and  teapereture  aaaauraaant  in  plane  IS  and  plane  5  allow  ua  to 
calculate  the  efficiency  of  fan  and  turbine  (fig. 14).  Thaae  efficianclea  were  only 
calculated  to  croaa-check  the  aeaaured  data.  We  did  not  make  correctiona  for  the 
boundary  layer  whan  averaging  the  total  preaaurea  and  we  did  not  take  account  of  the 
recovery  factor  of  tha  temperature  probea.  Therefore  tha  efficienciea  calculated  for  the 
fan  are  a  little  to  high  and  for  the  turbine  to  low.  The  calculation  of  the  efficiency 
la  very  aanaitlve  to  tha  accuracy  of  tha  tampareturea .  The  acatter  of  the  data  liea 
within  tha  reproducibility  of  our  temperature  probea.  At  high  turbine  praaaure  ratioa 
the  temperature  in  plane  5  ia  lower  than  tha  dew-point  of  the  compreaaed  air,  in  theae 
caaea  tha  temperature  probe  heada  probably  were  effected  by  condenaatlon  and  icing. 

To  compare  the  force  aaaauremanta  of  calibration  tenk  and  wind  tunnel  the  maaa  flow  of 
the  fen  for  the  wind  tunnel  teat  waa  calculated  uaing  the  diacharge  coefficient  obtained 
in  the  calibration  tank.  The  exit  velocity  of  the  fan  nozzle  waa  calculated  with  the 
velocity  coefficient  obtained  in  tha  calibration  tenk  and  tha  exit  velocity  of  the 
turbina  nozzle  waa  calculated  with  the  given  velocity  coefficient.  With  theae  valuea  the 
exit-momentum  of  fan  end  turbine  nozzlea  and  the  inlet-momentum  of  the  fan  were 
calculated  (ref. 4).  Fig. 15  ahowa  thaae  forcea  and  all  in  all  the  calculated  net  thruat 
of  tha  TPS.  In  fig. 16  tha  calculated  net  thruat  ia  coopered  with  the  maaaurad  thruat  in 
the  wind  tunnel.  Probably  the  diffarenca  (fig. 17)  la  mainly  due  to  the  loaaea  cauaed  by 
the  nacelle  inlet.  Of  amaller  influence  may  be  the  change  of  exit  conditiona  by  the 
wind  tunnel  flow  around  the  nacelle  compared  to  the  calibration  tank.  An  additional 
correction  factor  evaluated  from  the  date  plotted  in  fig. 17  will  help  ua  to  calculate 
tha  thruat  for  the  wind  tunnel  teat  with  the  half-model. 

4.  Raautame 

The  comparlaon  of  calibration  tank  end  wind  tunnel  teat  reaulta  ahowa  good  agreement 
of  the  atatic  preaaurea  at  the  walla  of  the  engine.  The  total  praaaure  dlatribution 
in  the  fan  exit  plane  however  ia  apparently  atrong  influenced  by  the  inlet.  Additional 
correctiona  obtained  in  the  wind  tunnel  teat  with  an  laolated  model  engine  are 
neceaaary  to  calculate  the  thruat  of  the  TPS  when  mounted  on  the  half-model.  Theae  teat 
are  now  in  preparation  (fig. IS)  and  will  give  ua  more  information.  Beaide  thia 
maaauramanta  with  another  nacelle  geometry  are  planned  end  theoretical  calculationa  of 
the  nacelle  inlet  flow  will  be  done  for  comparlaon. 
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Fig. 11:  Msttflow 


fig. 12:  Gross  Throst  of  TPS 


Fig. 16:  Calculated  and  Measured  Net  Thr.  st  of  TPS 
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Fig. 17:  Difference  of  Calculated  and  Measured  Thrust 
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RESUME 

Uq  nouveau  type  d*eeeet  laduetrlel  eet  rCellsE  depuis  plualeure  ann£es  2  la 
Direction  dea  Granda  Moyena  d*Baaaia  de  I'OMBRA.  II  a*agit  de  aeaurer  lea  efforta 
inatantania  qui  a*exercent  aur  une  aaquette  en  aoufflerle  loraqu'elle  eat  aouaiae  i  dea 
variationa  rapidea  de  coaaande.  La  aEthode  conaiate  2  retrancher  lea  efforta  d’lnertie 
dea  efforta  globaux  aeaurda  par  une  balance  2  Jaugea  extenaoaCtrlquea • 

Une  aaquette  de  I* AEROSPATIALE  a  2t2  eaaayie  dana  cea  condltlona  en  ddeeabre 
1984  dana  la  veine  auperaonlque  de  S2MA.  Ce  docuaent  priaente  la  phase  pr£paratoire  de  cet 
eaaai  et  aontre  lea  allurea  dea  efforta  obtenua  pendant  un  tir  aana  vent* 


ABSTRACT 

For  many  years,  the  Larges  Facilities  Depanmeni  of  ONERA  has  carried  out  a  new  type  of  industrial  lest  concerning  the 
instantaneous  force  measurement  on  a  model  in  a  wind-tunnel  when  it  is  controlled  by  quick  variations  of  the  parameters.  With  this  method 
the  inertial  forces  are  substracted  from  gross-forces  measured  by  a  five  component  strain-gage  balance. 


An  Aerospatiale  model  has  been  tested  under  the  conditions  in  december  t98d  in  the  supersonic  test-section  of  the  S2MA 
wind-tunrsel.  The  preliminary  part  of  the  test  arxi  the  trends  of  force  compor>ent$  obtained  during  a  control  by  nozxle  jets  without  wind  are 
presented  in  this  paper. 


1  -  IWTRODPCTION 

Ce  docuoeot  ddcrlt  la  phaae  prtparatolre  d'un  eaeal  dont  le  but  eet  de  eeaurer  en 
eoufflerlc  lee  effort#  Laetantaofe  qul  e'exercent  aur  une  aaquette  aoualae  aux  variatlone 
rapidea  de  coaaaode  d'un  ayatdae  de  pilotage  par  Jets  latSraux. 

D'une  aanldra  g8o8rale,  la  aaaure  daa  efforta  en  aoufflerle  fait  toujoure 
Intervanlr  un  support  81aatiqae  aur  lequal  eat  flxie  la  uaquatce*  Ce  aupporc  eat  conatitui 
par  une  llgne  de  darda  taratnia  par  una  balanea. 

Let  efforta  altaro8a  axerc^a  aor  la  aaquette  entralnent  dea  oaclllaclona  de  la 
llgne  de  darda.  La  balance  auppotte  alora,  non  aeolaaant  lea  efforta  aSrodynaalquea  et  lea 
efforta  de  pilotage  appllqufe  2  le  aaquette,  aaia  auaal  lea  efforts  d'lnertle  qul 
riaulteot  dea  aouveaeata  de  celle-cl. 

Pour  acedder  aux  efforts  Inataatanfe  qut  a'exercaat  aur  la  aaquette,  11  feat  done 
retrencher  lea  efforts  d'lnertle  dee  efforta  globaux  aeaurCa  per  la  balance.  Lea  efforta 
d'lnartla  aont  calculia  2  pertlr  de  la  aeaura  dea  accdliretlona  et  de  la  connateaance  du 
tanaaur  d'lnartla  da  la  aaquette. 

Pendent  le  phaee  priperatolre  d'un  tel  eeeel,  11  feut  dvldeaaeot  ddflnlr  lea 
condltlona  da  I'axpirleace,  1* laetruaentatlon,  la  chatne  da  aeaure  et  lea  codas  de 
calcul  ndceaaelrea  2  I'exploltetlOD  aeia  11  feut  aurtout  virlfler  qua  la  aCthoda 
propoada  paraettra  d'atteladre  lee  objectlfe  fixda.  Pour  cele,  dea  treveux  prdllalnatrea 
aont  effeetuia  i  11a  peraettent  d'une  pert,  de  difinlr  le  plage  de  friquence  dans 
laquella  las  atauraa  aont  eatlaf alaeataa  et  d'autre  part,  da  e'aasurer  qua  le  aootage 
peut  supporter  lea  efforts  pdrlodlquea  auxquels  11  sera  aouala. 
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Le  doaalne  de  valtditd  d*uae  telle  expSrleoce  depend  dlrecte«ent  de  le 
■equfttte.  Cc  docuAent  prdecate  le  priperetioa  d'uae  aequette  de  1 'AEROSPATIALE  qul 
eere  eoeultc  eeeeyie  deec  le  velee  eupersonlque  de  le  soufflerle  S2MA  evec  eon  eyetiae 
de  pllotege  ea  foactloaneaeat  dyaealquc.  Ce  eyetdae  utilise  ud  gdnireteur  d  poudre. 

Le  pbese  priperetolre  ee  teralne  per  un  tlr  sens  vent  ddaontrent  Is  feissbl- 
litC  de  I'essel* 


2  -  COWDITIOMS  D'ESSAIS 


2.1  -  But  des  essels 

Le  but  de  ces  esseis  est  de  assurer  en  soufflerle  les  efforts  Instantsn^s  qul 
s'ezercent  sur  le  aequette  pendent  le  f onctlonneaent  du  gBndreteur  de  force  !ans  dee 
conditions  qul  se  repprochent  le  plus  possible  de  celles  d'un  tlr  rdel. 

Ls  precision  souheltAe  pour  le  aesure  de  la  force  dEveloppde  par  le  gEnSrateur 
est  de  L'ordre  de  10  X. 

2.2  -  Moyens  d'essats 

L'essal  a  lieu  dens  le  veloe  eupersonlque  de  le  soufflerle  S2MA  A  une  presslon 
gdndretrlce  de  1,7  bar  (voir  figure  1). 


1  •  Montage  deio  maqu«tUdon$S2MA. 


Les  psraadtres  de  l'essal  sent  : 

-  X'incldence  variable  de  0’  d  10*» 

-  I'angle  de  roulls  variable  de  0*  A  45*, 

-  les  ordres  du  gAndreteur  de  force  correspondent  A  une  nanoeuvre  en  tangage  et 
(ou)  en  lacet,  ou  A  une  absence  de  aanoeuvre. 

Les  deux  prealers  paravAtres,  rAglAs  avant  l'essal,  sont  malntenus  constants 
pendant  la  durSe  du  tlr. 

2.3  -  Description  succlncte  de  la  Baguette  (voir  fig. 2) 

La  eaquette  reprAseote  extArieurenent  le  BlsBlle  A  I'Achelle  1.  La  portion 
cyllndrique  du  fuselage  en  aeont  des  vollures  est  raccourcle,  pour  Avlter  tout  risque  de 
perturbation  de  I'AcouIeuent  sur  la  partle  arrlAre  par  I'onde  de  choc  d'oglve  rIflAchle 
par  lea  parols. 


Fig.  2  •  Vue  de  fo  maquetie  dan$  la  veine  supenonique  de  S2MA . 
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Ell*  coapr«nd  trol*  p«rtl«B  : 

-  1«  partic  arrlira  aur  laquall*  ••  flxanC  la  voilura  at  laa  gouvarnaa  ;  catta  partle 
aupporta  auaai  la  fixation  da  la  aaquatta  aur  la  llgae  da  darda, 

'  la  partla  eantrala  qul  eonatltua  l*anaaxbla  gtnirataur, 

-  la  partla  avant  dana  laqualla  aa  troava  la  dlapoaltlf  d*allxantatlon  da  la  coaxanda 
du  coxautataur. 

La  gindrataur  da  forca  aa  coapoaa  lui-’xdxa  : 

'  d*ua  gdadrataur  hauta  praaaloo, 


'  d'aaa  chaabra  baaaa  praaaton  od  lea  gaa  aont  ddtaadua  ;  catta  chaabra  corraapond  d 
I'adaptatlon  du  gdodrateur  pour  lea  aaaala  an  aoufflaria  da  aanldra  d  raapactar  la  taux 
de  ddtanta  daa  tuydraa, 

d'un  coaautataur  rdpartlaaaat  laa  gaa  ddtaadua  antra  quatra  tuydraa  diapoadea 
radialaaant  d  90*  laa  unaa  par  rapport  aux  autraa»  auivant  lea  quatra  configurations 
raprdaantdaa  (ftg«3)  : 


Fig.  3  *  Configurations  d  *^ection  des  got. 


La  coaautation  d'una  configuration  d  l*autre  a'effectua  an  aolns  da  10  as* 

Pandant  la  fonctlonneaant  du  gdndrataur*  un  train  da  aollicltatlons  raprdsan* 
tatlraa  du  pllotaga  aat  coaaandd  aur  chacun  des  deux  plans  daa  tuydras  ;  uo  ezaapla  eat 
donnd  figure  4. 


Fig.4  ♦  Commande  des  tuyires. 


3  -  IWSTRUMEHTATIOH  ET  CHAINE  PE  ME5URE 
3.1  -  Inatruaaotatlon 

La  ddfinltlon  tachnologlque  das  dqutpaaants  adcanlques  at  dlectroadcaniques  de 
la  aaquatta  n*cst  pas  abordda,  seul  I'aspect  assure  est  ddvaloppd* 

3.1.1  -  Balance 

Pour  cat  assal  la  tratnde  du  alsslle  n'ast  pas  daaandda  ;  una  balance  cinq 
eoaposantas  est  rdallsda  sans  ponC  de  X  afln  qua  la  raldeur  du  aontaga  solt  la  plus 
laportaota  possible.  Cette  balance  est  un  barreau  d'acler  de  92  an  de  dlaadtre  aur 
lequal  soot  talllds  das  adplats  raceeant  las  Jauges  de  contralnta.  Bile  a  una  capacltd 
da  +  73500  M  an  effort  da  ddrlee  at  de  portanca  ;  ^  13500  Na  pour  las  nonents  de  lacet  at 
da  Tangaga  at  de  +  2500  Na  an  roulls.  Aeec  una  allaentatlon  des  ponts  de  Jauges  de  SV  at 
una  anpllflcatlon  des  slgnaux  de  assure  de  1000  las  coefficients  da  sansibllltd  soot  de 
2,8  N/bT  pour  las  efforts  at  de  0,4  Ma/aV  pour  las  aoaents. 

3.1.2.  Ac£d^d£oa <£r  e£ 

L * axpiol tat  Ion  des  aasuras  repose  sur  I'hypothdse  de  vibrations  da  falblas 
aaplltudes  (da  I'ordre  da  ^  0,5*)  at  d'uae  rlgldltB  absolue  da  la  aaquatta.  Dana  ce  cas, 
six  accClirondtres  aonodlrcctlonnele  sufflsant  B  ddteralner  lea  six  aceiliratlons  ntces* 
salres  aux  calculs  des  efforts  d'lnercle. 


L«s  •cciliromitrsa  aont  poaltloaaia  daux  par  daux  au  volalaafa  du  eaacra  da 
graaiti  da  la  partia  paada*  La  dlacaaca  aatra  daux  accdliroadtraa  aat  da  310  mm  an  tan- 
gaga  at  an  lacat  at  da  ISO  mm  an  ronlia  (aolr  ftg.5) 


La  cholz  du  type  d  *accSldrondtre  aat  fait  prlnclpalanent  d  partlr  de  aaa 
caractdrlatlquea  dlnanatonnallea  at  da  aa  aanaiblllti  ;  ca  cholx  a'aat  portd  aur  un 
captaur  plaaordalatif  ayant  una  aaaalbllitS  da  0,25  nV  /(n/a^)  at  una  bande  paaaante  da 
0  a  1200  Ha. 

3.1.3  -  Au^r^a_ca^p£au t£ 

Plualaura  grandaura  aont  auaal  naaurdaa  pour  analyaar  la  f onctlonnanent  du  gd- 
ndrataur.  II  a*aglt  i 


•  da  la  praaalon  da  la  chanbre  baaae  praaaion, 

-  daa  praaalona  naaurdaa  an  aortia  da  tuyira, 

-  daa  ordraa  da  coananda. 

£r<Btiil£tt_chanb£a 

L'allura  da  l*affort  ddvaloppd  par  la  g$n(rateur  ddpend  dlrectanant  du  niveau 
da  la  praaalon  da  la  chanbra  at  da  aon  Evolution.  Un  captaur  naaura  eatta  praaalon. 

Un  captaur  da  praaalon  Inatatlonnalra  aat  nontd  i  la  aortia  da  chaqua  tuydra. 
Cetta  naaura  aat  un  contrdla  da  la  bonne  axdcutlon  da  la  coananda  ;  alia  pernet  auaal  de 
verifier  qua  la  Jet  a  au  la  tanpa  de  a*ltabllr. 

0r^r|ia^d£  coan^n£a 

Laa  ordraa  da  connanda  du  comautataur  aont  nundrlada.  La  conparalaon  de  caa 
ordraa  avac  laa  algnaux  daa  capteura  de  praaalon  daa  tuyirea  pernat  da  ddternlner  laa 
tanpa  da  connutatlon. 


3.2  -  Chatnaa  da  naauca  at  acqulaltlon 

Una  chalna  da  naaura  claaaiqua  parnat  de  naaurar  lea  valaura  noyannea  daa 
parandtraa  ndcaaaalraa  d  la  condulte  da  l*aaaai  (rSfdrencea  aoufflarla,  valaura  noyannea 
das  effort:.  «..)  Laa  diffdrantaa  naauraa  aont  filtrdaa  par  un  flltre  paaae-baa  call  I  1 
Hr  at  nunirialaa  I  ralaon  de  daux  polota  par  aaconde. 

Una  chatna  da  naaura  dynanlqua  (voir  fig. 6)  eat  niae  an  oeuvre  apiclalanent 
pour  caa  eaaala.  Ella  parnat  d'acqulrlr  23  algnaux  qul  aont  lau  algnaux  daa  ponte  de  la 
balance,  daa  acclllronltraa ,  daa  capteura  da  praaalon  (tuydraa,  chanbra  baeae-prasalon) 
at  daa  organca  da  connanda  (couranta  da  connanda,  niae  d  fau  ...).  Ella  aa  diffirancle 
da  la  prleldaota  par  la  frlquanca  da  coupura  daa  flltraa  paasa-baa  qul  aont  calls  d  100 
Hs  aur  lea  volaa  de  naaura  utlllalas  pour  la  dipoulllanant  daa  efforts  at  d  1000  Ha  pour 
laa  autraa  volaa  (couranta  da  connanda*  praaalona  dans  las  tuydraa  •••)  at  auaal  par  la 
frlquanca  d'lchantlllonnaga  qul  aat  da  1000  Rs  par  vole.  II  faut  ootar  qua  laa  algnaux 
daa  aeclllronitraa  paaaant  par  un  Itage  da  prianpllf tcatlon  pula  aont  flltrls  avant 
d'ttra  aapllflla  pour  obtanlr  la  gain  dialrl,  cad  afln  d'lvltar  daa  saturatlona.  Un 
nagnltophona  analoglqua  aat  aaaocll  d  catta  chatna  ;  11  parnat  d' anraglstrar  Id  voles  da 
naaura  avac  una  banda  paaaante  allant  da  0  d  1000  Hs. 
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Fig  6 ‘Chainedemeiurtdynamique. 


L«  aodilc  •achdBatlquc  ret«au  pour  lo  uloe  en  dquotlons  cot  fondd  sur  les 
hypochiooo  oulVAntos  : 

>  1«  auquetto  out  un  uolldo  lod6f or»abl«, 

«  l«a  r«pdrc«  balaoeo  «t  aaquotte  out  lauro  axes  paralldleo, 

*  la  aaquatte  adaat  uaa  ayadtrla  da  rdvolutloo  d'ordra  A. 

A .2  -  Motatloaa 

La  trlddra  da  rdfdraaca  aat  donut  fig. 7 


SECTION  CONTEHAMT  SECTION  CONTEMANT 

LES  FONTS  I  LES  FONTS  2 


Fig.  7  •  TrUdre  de  rifirtnct. 
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Os  poise  plse6  s«  ^ossus  4o  Is  ssrlshlo  Isdlquo  Is  dirlTis  prosllrs  d«  cstte 
▼srisbls  psr  rspport  su  tsspa,  us  dou^ls  poise  Isdiqss  Is  dirlvis  sccosds* 

4.3  -  dOBStiOBS 

Lsa  iqastiosa  sost  dss  dqastioss  do  sossst  obessuss  ss  szpriasoc  Is  thiordsc  du 
soaost  cisdeiquo  su  droit  dss  soctioss  1  sc  2  od  sost  eollis  Iss  posts  dc  Jsuges  do  Is 
bslsBcs* 


CoosidCroBS  Is  ssctlos  1  psr  osoapls. 


7  [t  *ci  J 


It  dss  •  A  .  I 

for ess  sxtdrlsttrss 


Ls  torso  A  Pcx  proolost  du  fslt  quo  Is  eostro  dc  grsvltd  do  Is 

psrtio  posts  B*oot  poo  eosfosdu  suoc  ti* 

Los  soBoseo  doo  forcoo  oxtdrlouros  cost  : 

•  loo  soaonto  duo  sux  forcoo  do  propulstoo  ot  sux  forces  strodyssalquoo  MA^ , 

RAx  i  CO  sost  loo  aososts  chorchds. 

-  loo  aoaosto  roprtsootoae  I'sctlos  du  dsrd  our  Is  ssquotto  -  MBx  ot  -NBi  cos 
soaosto  cost  soourdo  grleo  sux  posts  do  Jouges  collts  os  L.  Cos  aososts  oont  cslculto  i 
psrtir  d'uso  astrlco  dddulto  d'uo  dtslosnsgo  otstiquo. 

loasrquo 

Lo  dipoullloaoot  do  Is  psrtio  fluctusoto  du  olgssl  do  chsquo  post  do  Is  bslsnco 
sot  fslt  psr  rspport  i  Is  oslour  aoyosno  du  olgssl  do  co  post  sosurlo  justs  svsnt  lo 
tlr.  Ls  poosstour  s'lstorvlost  pso  dsas  loo  dqustlono. 


Loo  dqustlono  sost  loo  sulvsstoo  : 

-  £«_dro^t^do 

MAX  •  +  r.p.(A  -  Bx)  ♦  *Cl'**l*  *“^C1  +  «®l 

HAx  -  Bx.r  +  p-q.(Bx  "A)  -  Xci-Mi.  Yqi  +  NBi 


-  su  droit  do  lo  ooctlos  2 


HA2  •  B2«q 

+  t.p. (A  -  »2) 

+  Xc2.M2.  Zg2 

+  MB2 

RA2  *  B2.r 

+  p.<|.(B2  -  A) 

-  *02  •>'2  •  ^C2 

NB2 

1 

LA  •  A.p  + 

LB 

Loo  offorto  ot  soBonto  (strodyssalquo  +  propulslos)  qul  o'sppllquont  sur  Is 
asquotto  su  contro  dc  rCftroscc  bslsnco  oont  sloro  : 


TA 

- 

MA?  -  RAi 
AX 

ZA  - 

MA?  -  MAi 

AX 

j 

MA 

MAi  +  MA7 

2 

NA  - 

MAi  *  NA? 

2 

» 

le  dsrd 
bslsnco  : 

Co  toroour  sers 
•  11  so  cslculo 

coapsrt  su  toroour  corrospondsnt  1  I'sctlon  do 
d'uno  aonldro  ooablsble  i  psrtir  doe  soaonto 

Is  asquotto  sur 
aosurio  psr  Is 

)' 

TB  ' 

.  KB?  -  WBi 
dx 

1 

Lao  toraoo 

tolo  quo  r.p 

(A 

-  Bj)  et 

p.q  (Bx'A)  oont  nlgllgesbloo  dsns 

I'hypothloo  doo  pctlto  souvesesto  ;  cotto  hypothdoo  sot  vtrlfltc  s  posteriori. 

4.4  -  Moouro  doo  sccdlirstloso 

Loo  aeelltroadtreo  oont  aontto  our  uno  pldce  trds  rigldo  sppelte  plBce  Intorat* 
dlsiro  fixdo  ollo-atao  our  Is  bslsnco  (voir  fig. 5).  Solt  M  lo  point  od  oot  plsci  I’sccl- 
roadtro  :  Cx  n  (si^  bx^  cx) 
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Exprlaon*  1 ' aecilCratioo  au  point  M  : 


tci  +  +  <^)  -  bi.(r2  +  q2)  +  ci-  (qr  -  p  ) 

*Gl  -  q)  +  bi.(qr  +  p  )  -  ci-  (p2  +  qZj 

L*hypothiaa  daa  patlta  ■ouvananta  noua  pernat  da  odgllgar  laa  tarnaa  p^,  q^ , 
pq  ...  daxant  laa  tarnaa  p,  q  at  r. 

Pranona  I'axaapla  da  la  maaara  at  q.  Daux  accdlirondtraa  n*l  at  2  aont 

fixCa  aur  la  pldca  Intaraddlalra  avae  laur  axa  aaaalbla  orlaati  aalon  a.  Solanc 

at  |2«  acclldratloaa  aaaurdaa  par  laa  aecdldrondtraa  I  at  2  ; 

Hti  •  *ci  *  •i-<i  :  ^2  ■  ^01  -  •2-i 


relatlooa 


Laa  acclldrationa  aagulalraa  at  lindalraa  aont  calculdaa  8  partir  da  caa  daux 


2g1 


q  -  ■ 


4.5  -  Calcul  da  I'attltuda  toatantania  da  la  naquatta 

La  toraaur  YA,  2A,  LA»  KA»  NA  corraapond  8  la  partla  fluctuanta  daa  afforta  qul 
a'axarcant  aur  la  aaquatta. 


YA 

■ 

^a8ro  dQ  aux  aouvananta 

NA 

• 

Effat  net  du  propulaeur 

+ 

da  la  aaquatta 

. 

. 

La  partla  (  Effet  aat  du  propulaeur  )  corraapood  aux  afforta  da  propulsion  at 
aux  afforta  alrodynanlquaa  lodulta  par  la  pr€aance  daa  jats. 


La  partla  (  Aadro...)  corraapond  aux  afforta  adrodyoaxlquaa  Isdulta  par  laa 
•ouvaxaata  da  la  aaquatta  paodant  la  tlr.  Laa  afforta  alrodynaalquaa  qul  an  dicoulant 
dolraot  Itra  ratranchda  du  toraaur  (YA,  •••  NA]  da  aanl8ra  8  obtanlr  I'affat  nat  du 
propulaaur.  Pour  cala,  11  faut  d^terainer  laa  varlatloDS  d'attltuda  da  la  aaquatta  (^) 
dans  la  plan  vertical,  ( 'K  )  daua  la  plan  horlsontal*  Caa  variations  aont  calculAes  8 
partir  d'una  raprdaeotatioa  aodala  da  la  llgoa  da  dards  avac  la  aaquatta  at  du  toraaur 
aCrodynaalque  [  TA,  ..HA].  La  aouvaaent  da  la  structure  rballa  aat  dfcrlt  dans  la  plan 
vertical  at  dans  la  plan  horlaontal  par  la  superpoaltlon  das  trola  prealara  aodea 
propraa . 


Dans  la  plan  vertical,  11  vlant  : 


©1 

+  2.0(i 

.(1)3  .O3  + 

(0^ 

01  - 

§  2 

+  2.0<2 

.(1)2.62  + 

U)\ 

62 . 

03 

+  2.0<3 

.(Jj-  9j  + 

U)| 

w 

1 

(MA  -  ZA.di)//Ai 
<MA  -  ZA.d2)//l 2 
(MA  -  ZA.d3)/^3 


L'algorlthaa  d ' Intdgratlon  da  caa  (quationa  ast  la  aulvant 


((MA(n)  -  ZA(n)  .di)//Al  -Wj-PjCo) 

+  -SlCn-l)  -  (Pi(n-l)  -  2  .®i  ( n)  ) /flt*  ] 

At 

La  variation  d*attltude  dans  la  plan  vertical  aat  alora  : 

0  -  +  ©2  .®3 

La  calcul  da  la  variation  inataotanba  d*attltuda  dans  la  plan  horlaontal  eat 


Vi 


(0+1) 


1 


.  ciisai 

At 


analogue 
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5  -  PB.B8BMTATI0B  DBS  TIA¥ADX  yRBLIMKAIEIS 

Pour  coo  trovaux  lo  Aiopooltif  d*«oool  oot  aeeroehi  i  uo  plot  fixi  lul-aiao  our 
un  aasolf  Bo  Mtoo.  II  eoaprooB  lo  ao^uotto  loorto  ot  lo  IIbbo  Bo  BorBo  qul  ooro  offoetl- 
▼oaoat  otilloio  ou  cooro  Boo  oooolo  Bobo  lo  ooufflorlo  ot  lo  choloo  Bo  Boouro  loototloo-' 
oolro. 


Coo  trovoux  OBt  UB  trlplo  but,  llo  Bolvoat  poraottro  : 
~  B'iBoatiflor  ByaoaiquoaoBt  lo  aootogo. 


-  Bo  xollBor  lo  aBtboBo  Bo  BBpouilloaoat  ot  BBflnlr  lo  fooctloo  Bo  trooofert  du 
Blopooltif  Bo  aoouro. 


-  Bo  vCriftor  lo  tonuo  Bu  aoatogo  oa  oxcltoBt  eolul'ci  ovoe  uao 
Boot  I'oaplltuBo  ot  lo  frBquoneo  ooat  voIoIboo  Bo  eolloo  priouoo  oooe 


foreo  oIouboXBoIo 
lo  B^nirotour. 


5.1  -  IBoatlf Icotloa  Byaoaiquo  Bu  aoatOAO 

L ' IBoot If loot  Ion  dynoalquo  Bu  aontogo  o  pour  but  Bo  aoouror  loo  frBquoneoo*  loo 
foraoo,  loo  aooooo  gtaBrolioBoo  ot  loo  oaortloooaonto  Boo  proaloro  aoBoo  Bono  loo  plono 
xortleol  ot  horloontol.  Bn  roullo,  oouloo  loo  friquoacoo  ooat  rolovBoo. 

Lo  coanoloooaeo  Bo  coo  grooBouro  poraot  Bo  eonotruiro  lo  aoBBlo  aothiaotlquo 
BBcrloont  lo  aouvoaont  InotootoaB  Bo  lo  aoquotto  ot  Bo  prBeloor  loo  boadoo  Bo  friquoaco 
B  Boltor  pour  lo  foactlonnoaoat  Bu  ginBrotour  Bo  foreo  ofln  Bo  no  poo  oxcltor  un  aedo  pro- 
pro  Bu  aontogo.  II  no  fout  copoaBoot  poo  oabllor,  pour  eotto  oxpBrioneo,  quo  lo  ouoport  Bo 
lo  llgno  Be  BorBo  o*oot  poo  lo  ooetour  porto-BorBo  Bo  lo  ooufflorlo  ot  qu'uno  IBontifleo- 
tlon  oueciaeto  oot  aBeooooiro  ou  aoaont  Bo  I'oatrlo  on  oolne. 

L'oxcltoclon  Bo  lo  llgno  Bo  BorBo  oot  folto  B  I'olBo  B'un  pot  BloctroBynoalquo 
BqulpB  B*une  bobtao  pouvont  BBxoloppor  un  offort  aoxlaol  Bo  200  N. 

Uno  proalBro  oxeltotloa  oot  offoetuBo  on  bruit  blonc  Bono  une  bonde  do 
frlquonco  0  -  200  Ho  Bo  aonlBro  B  rolooor  loo  frBquoncoo  proproo.  Coo  frBquoncoo  oont 
onoulco  aoourBoo  ovoc  prBeloion  on  oxeltont  lo  aontogo  por  uno  force  olnuootdolo  ot  on 
rocborebont  lo  rBoononeo  Bo  pbooo  oatro  lo  couront  B'oxeltotlon  ot  lo  rBponoo  B*un  oceB- 
IBroaBtro  aontB  our  lo  aoquotto.  Trolo  frBquoncoo  proproo  oont  obtonuoa  dons  lo  bonds  Bo 
frBquoaco  0  -  100  Hi  Cent  Boos  lo  plon  oortleol  quo  dons  lo  plon  horlsontol. 

Los  forass  proproo  Bs  chsqas  otoBs  ooat  roloxBoo  ovse  un  coptsur  Bo  vltosso  ; 

CO  qul  poraot  sntto  outros  Bo  BBtsralnor  lo.  centre  do  rototlon  do  lo  aoquotto  dons 
cheque  aoBo. 

Lo  aosuto  Bo  l*aaortlsscaottt  ost  obtonuo  por  lo  aBthodo  Bos  osclllotlons 
llbres.  AprBo  un  Itcher,  lo  BBcrBaont  logorithaiquo  do  lo  rBponoo  B'un  occBlBroaltre  Bo 
lo  aoquotto  ost  acourB  our  los  proalBroo  oscillations. 

Los  aossos  gBnBrolioBos  sont  BBtoralnBos  on  utlllsont  lo  aBthodo  Bos  frBquencos 
BBplocBoo.  Elios  oont  noraBos  pour  un  BBplaeoaont  ongulolro  Bo  1  roBlon  ou  nlveou  do  lo 
aoquotto. 


Lo  tobloou  cl-Bessouo  prBsonto  los  rBsultots  obtonus  dons  lo  plan  longltu- 

Blool  : 
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1  r 
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1  2,1 

1 

T 

1  -  1,563 

! 

1 

1 

2 
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1 
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1 

Four 

I'oxcitotlon  on  roulis^  deux 

pots  BloctroBynoalquoo  sont 

pllotBs 

slcion  do  phoso. 
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5.2  -  Validation  d«  Xm  aithod*  de  dipowill«««nt 

La  ▼alldatlon  da  la  ndthoda  d*aasal  coaporta  plualeurs  phaaaa.  II  a*aglt  tout 
d'abord  d'axclcar  la  aaquetta  avac  una  forca  alouaoXdala  eoonua  at  da  ratrouvar  catta 
foroa  par  la  dlapoaltlf  da  aaaura  ala  an  oauvrc.  Caa  aaauraa  aont  affactudaa  d  dlffdraa~ 
caa  frfquancaa  da  aanldra  d  eonatrulra  la  fonctlon  da  tranafart  du  dlapoaltlf.  Enaulta 
la  aontaga  aat  axclti  par  una  forca  altarnatlve  ajrant  una  foraa  plua  procha  daa  afforts 
ddvaloppda  par  la  gdnCrataur. 

Pendant  caa  aaaala  la  adthoda  da  ealcul  da  I'attltuda  Inatantanda  da  la  aaquet- 
ta  eat  contrdlda  grtca  aux  accdldroadtraa  qul  I'dquipant. 

5.2.1  “  ^r^i^a^lon^a^ttua^X^aW 

L'axcltatlon  an  aoda  alnuaoXdal  aa  fait  an  tangaga*  an  lacet,  an  roulla  at 
anaulta  aa  coablaant  laa  axcltatlona  da  tangaga  at  da  lacat. 

La  aontaga  aat  axeltd  par  un  pot  dlactrodynanlqua  d  chaap  paraanant  qul  peraat 
da  aaaurar  la  forca  appliqude  daoa  una  bande  da  frequence  allant  da  0  d  200  Hs.  Avant 
I'eaaal,  un  taraga  da  catta  forca  aat  affactud  an  node  atatlqua  an  envoyant  un  courant 
paraanant  dana  la  boblna. 

Una  pranldra  adrla  d'aaaala  dana  una  banda  da  frdquance  allant  juaqu'd  200  Hz 
aootra  qu'au  dald  da  130  Hz  laa  rdaultata  obtanua  aont  nattaaant  an  dehors  da  la  prdcl- 
slon  daaandda.  Laa  flltraa  analoglquaa  paaaa-baa  da  la  chatna  da  neaura  aont  alors  calda 
d  100  Hz  at  toua  laa  aaaala  aont  affectuda  dana  la  banda  da  frdquance  0  -  100  Hz. 

Pour  le  praalar  point  da  aaaura  affectud  d  una  frdquance  da  5  Hz  toua  laa 
algnauz  (balance,  acedldroadtrea ,  axclCataur)  aont  an  phase  at  laa  corrections  d'lnartla 
peraettattC  da  ratrouvar  la  forca  d*azcltatloo  d'una  aanldra  aat isf al aanta .  La  second 
point  eat  acqula  d  una  frdquance  da  7  Hz  volalna  da  la  pranldra  frdquance  propra.  Las 
figures  8  at  9  nontrant  laa  rdaultata  an  effort  at  an  nonant. 
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Fig.  8  '  Excitation  sinusoidale  en  tan^o^e,  frequence  d  'excitation :  7  Hz. 


Fig.  9  •  Excitation  sinuzoidaU  en  tangage,  frequence  d  'excitation :  7  Hz 


La  prdaantatlon  de  caa  deux  figures  at  daa  flgura*i  sulvantaa  relatives  d  I'ax- 
citation  forede  reate  Identlqua  d  aavolr  : 

-  l'axcltatlon  (ZEX,  M8X)  eat  an  trait  fin, 

**  la  rdponsa  balance  (ZB,  KB)  eat  an  trait  polntllld, 

'  I'affort  ou  la  nonent  rdaultant  de  1’ exploitation  (ZA,  KA)  aat  an  trait  fort. 

L'axpdrlenca  eat  aatlaf alsante  loraque  la  forca  d'excltatlon  at  I'affort  rdaul¬ 
tant  (conblnalaon  de  I'affort  balance  at  daa  efforts  d'lnartie)  aa  auperpoaent. 

XavanoDS  aux  figures  8  at  9.  A  proxlnltd  d'un  node,  la  niveau  d'excltatlon  eat 
rddult  de  nanldra  d  llnitar  l'a«pllcuda  dee  nouvenents  da  la  naquette.  L'anplltude  de 
I'affort  d'excltatlon  (ZBX)  aac  dgala  d  25  H  alors  qua  I'affort  balance  (ZB)  a  una  an- 


plltttd*  d«  350  M  c«  qal  r«prdft«nte  un  eocffleicnc  dc  turtcacloa  ZB/ZCZ  dgcl  d  14*  Oe 
plot  Is  ripooss  ds  la  balaaea  aac  pratlquasant  diphaada  da  90*  par  rapport  i 
l*axeltatloii  ea  qul  ladlqaa  la  proxlalti  du  aoda  propra.  La  correction  de  I'effort 
balance  par  laa  afforta  d'lnartia  parttet  da  ratrouaar  I'affort  d'aKcitatloo. 

Au  ▼olaloaga  du  praalar  aoda  propra,  la  adthoda  propoada  donna  d'excelleata 
rdaultaca • 


Aprda  la  praaldra  frdquanca  propra,  la  rdponaa  da  la  balanea  aat  an  opposition 
da  phaaa  aaae  I'axcitatlon,  la  alaaau  da  la  rdponaa  balance  dtant  infdriaur  au  nlvaau 
d 'excitation.  Laa  flguraa  10  at  11  llluatraot  cette  plage  da  frdquanee  ;  la  ndthode  pro¬ 
poada  parnat  toujoura  da  ratrouaar  I'affort  d'axcltation  avec  una  bonne  prdcialon. 


Fig.  10  -  Excitation  sinuaoidale en  tangage,friquenced*excitotion  :  15  Hz. 


Fig.  1 1  -  Excitation  sinucoldalc  en  tangage,  frequence  d  'excitation .  15  Hz. 


Au  paaaaga  du  deuxlina  node  rera  25  Ha,  laa  dcarta  obaervda  entre  la  force 
d'axcltation  at  la  force  calculde  sont  plus  inportanta  (voir  flg«  12  et  13)>  L’effort 
rdaultant  n'a  plus  une  forne  de  alnuaolda  alora  que  I'effort  Inpoad  et  I'effort  balance 
soot  toujoura  sinuaoldaux.  Ce  phdnoadne  eat  nolna  accentud  pour  lea  nonenta  (fig. 13)  ; 

la  correction  d'lnertle  pernet  de  retrouver  le  niveau  du  nonent  d’axcltation  aais  11 
apparatt  un  ddphaaaga  d*environ  30*  entre  le  nonent  d'excitatlon  et  le  nonent  rdaul- 
tant . 


Fig.  12  -  Excitation  zinuzoidaU  en  tangage,  frequence  d  'excitation :  25  Hz 


t 
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Fig.  13  •  Excitation  ainusoidale  en  tangage,  frequence  d  ^excitation :  25  Hz 


qu«  1«  fr64u«ac«  d'excit«Cloo  esc  sup6rieure  I  la  frequence  du  deuxl^ae 
mode,  l*effort  d*exclcatloa  ec  I'efforc  calculi  sonc  i  nouveau  en  phase  ;  il  faut  cepen- 
dent  noter  pour  certalnes  friqucnces  une  perte  de  niveau  pour  I'efforc  calculi  de  10  % 
rapport  i  I'efforc  lapooi<  A  43  Hs,  lea  risultats  sont  sat Isfai sane s  (voir  fig. 14  et 
IS).  La  figure  IS  aontre  que  la  riponse  en  aoaent  de  la  balance  est  praciqueaenc  nulle. 


Fig.  14  •  Excitation  sinaaoldaU en  tangage.friquenced'excitation :  45  Hz 


Fig.  15  •  ExcUation  sinusoidale  en  tangage,  frequence  d  'excitation.  •  45  Hz 


D'une  aaniire  ginirale,  ce  constat  est  valable  pour  la  plage  de  friquence 
au-deli  de  45  Hs.  La  riponse  de  la  balance  est  quasi  nulle,  I'effort  risultant  provient 
essenclelleaent  des  aesurea  acciliroaitrlques • 

Les  icarts  obaervie  au  volsioage  du  trolsliae  aode  (60  He)  sont  accentuis  par 
rapport  I  eeux  observia  au  passage  du  second  aode.  Au  deli  de  60  Ha,  I'icart  de  phase 
encre  I'effort  d'excitation  et  I'efforc  calculi  esc  de  I'ordre  de  10”  et  la  perte  de 
niveau  de  I'effort  calculi  de  I'ordre  de  30  Z.  Les  figures  16  et  17  prisentent  les  riaul- 
tats  obtenus  A  90  Ha. 

Tous  ces  points  de  aesure  peraettent  d'itabllr  la  fonctlon  de  transfert  de  ce 
aystiae  en  coaparant  lea  efforts  et  aoaents  riaultants  aux  efforts  et  aoaenta  lapoaia. 

La  fonctlon  de  tranafert  des  aoaents  est  prisentie  figure  18.  Cette  aithode  de  assure 
peraet  dans  le  cadre  de  cec  esaal  d'effectuer  des  assures  dynaaiques  avec  la  priclalon 
deaandie  10  Z)  Jusqu'8  une  friquence  de  60  Hs.  Pour  lea  friquences  supirleures 

jusqu'I  100  He,  la  aithode  de  aesure  sous  estlae  les  efforts  ec  aoaents  d ' excl tat  Ion . 


Fig.  1 6  ■  Excitation  tinutofdab  tn  tangage,  fUqiunet  d  Excitation :  90  Hz 


Fig.  1 7  -  Excitation  tinuzoidalt  tn  tangage,  friquenct  d  Excitation :  90  Hz 


Fig.  18  -  Fonetion  de  tranxfert  tn  tangage. 


*  BxcltatloQ  cn  l«cct 

11  y  t  unc  •fatcric  p«rf«ltc  aotra  1«  pica  de  teafece  ec  le  plea  de  lecet  teat 
dtt  point  de  eue  dee  inertlee  de  le  ae^aette  ^ue  dee  eolee  de  aeenre  ellee^alaee*  Lee 
rieultete  eont  coepereblee  d  ccnx  obteaoe  en  teogege  ;  lee  fonctloae  de  treoefert  eoat 
Identlqaee. 

.  Kxeltetloo  eo  roulle 

Le  prealdre  frlqaeoee  propre  ea  roulle  eet  I  90  Be.  ?onr  lee  beeeee  fr(queneee» 
lee  eorrectione  d'loertle  eoet  felblee  eolre  oollee  ;  d  10  He  le  aoaeat  d*exettettoa»  le 
Boaeat  vu  per  le  beleoec  et  le  aoaeat  celcold  eont  pretlqaeaent  confeadue  (eoir  flg*l9) 


Fig.  19  'Excitation  tinucoidaken  roulU, 
fi^ucnced*€xaUiHon :  lOfiz. 
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Ltta  rSaultata  pbtaous  aoat  patlafaiaanta  jua^ua  vara  60  Ha  (voir  flg>20).  A 
70  Ha  laa  riaoltata  aont  arroala*  Ip  raggorc  aatra  la  aoaaac  riaultanc  at  la  aoaaat  lapo* 
at  (LA/LIZ)  aat  tgal  1  3*  Daa  aaaaraa  acetltroattrlquaa  fattaa  aa  dlaara  polata  da  la 
aaquattar  aotaaaaat  aur  laa  foaaaraaa  iadiquaat  qua  ealla^ci  a*aat  plua  Indtf oraabla  ;  la 
aoddla  uClliat  aae  aia  ao  dtfaat*  Four  laa  frdquaaeaa  plua  llaaiaa,  laa  rlaultaca  rada- 
alaaaaat  eorraeta,  eoBaa  la  aoatra  la  figura  21  pouir  uaa  axeltatlon  da  90  Ha*  La  foactlon 
da  traaafart  pour  la  aoaaat  da  roulia  aat  prtaaatta  flgura  22. 


Fig.  20  •  Excitation  sinusoidaU  tn  rouiis,  frequence  d  ^excitation :  60  Hz. 


Fig.  21 .  Excitation  ainuxoSdaUen  roulit,  frequence  d'excitation :  90  Hz. 


Fig.  22  •  Fonction  de  tranafert  en  roulia. 


.  Bzcltatlona  aiaultaniaa  ao  taagaga  at  an  lacat 

Laa  aaaala  prCllatualraa  aa  aoot  pouraulala  an  excitant  la  aaquetta  alaultant* 
aant  ao  tanga^a  at  an  lacat  da  aanidra  d  o'aaaurar  qu^una  axcltaton  dana  un  plan  na 
parturba  paa  laa  rlaultata  da  l*autra  plan  at  alee  aaraa. 

Dana  la  plan  latCral,  la  aaquatta  aat  azcltta  I  daux  friquancea  7,5  at  20  Rs. 
La  friquanca  da  7,5  Ha  aat  ehoiaia  car  alia  corraapood  an  praalar  aoda  propra  an 
latdral.  Pour  ebacuna  da  caa  axcicatloua,  un  balayaga  aa  friquanca  oat  affactui  dana  la 
plan  longitudinal  antra  5  at  50  Bx«  Laa  figuraa  23  at  26  priaantant  laa  aoaanta  da  tanga* 
ga  pout  uoa  axeltation  da  7,5  Ha  ao  latiral  at  pour  20  pula  60  Ha  dana  la  plan  aartlcal. 
Laa  riaultata  aont  aatlafalaanta,  e'aat'i-^dlra  qu'ila  aont  tout  t  fait  eoaparablaa  d  caux 
obtanua  loraqna  I'axcltatloo  a  llau  dana  un  aaul  plan. 
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Fig.  23  •  Excitation  sinusoidal*  simultanie;  en  tangage,  frequence 
d ^excitation :  20  Hz, *t en  lacet,  friquenc*  d*excitation :  74  Hz. 


Fig.  24  ’  Excitation  sinusoidal*  simultand*;  en  tangage,  frequence 
d  *exeitation :  40  Hz,  *t  en  lacet,  friquenee  d  ^excitation :  7,5  Hz. 

5.2*2  - 

Pour  cootr6l«r  l*4ttlttt4«  4*  la  saquatta^  11  faut  una  rtfiranca*  Pendant  lee 
aaaala  an  soda  alnuaotdal,  laa  accdlCratloaa  angulalraa  aeaurdae  peraatfcant  4'obtenlr 
catta  rifiraoca. 

La  figuira  25  ragroupa  1* aeedliratlon  angulalra  aaeurfa  at  la  variation  d'attltude 
4a  la  aaquatta  calcnlia  par  1* Intigratlon  4aa  aodae  propraa  pour  una  axeltatlon  calle  I  7 
Ba  .  L'aaplltuda  4a  1* atcildration  angulalra  aat  4a  0,5  rad/a^  ca  qul  donna  una  aaplltuda 
4a  2,6  10*^  rad  poor  la  variation  d'attltuda.  L'aaplltuda  4a  la  variation  d'attltuda 

ealeulla  par  1' Integration  daa  aodaa  propraa  aat  da  2,5  10**  rad.  La  figure  25  aontra 
qua  la  aouvaaant  aat  blan  an  oppoaltioo  4a  phaaa  avee  I'aeelliratlon. 


Catta  aithoda  4a  calcol  da  I'attituda  dipand  dvldaaaant  daa  donnfaa  ttllaa  qua 
lea  aaaaaa  giniraliafaa,  laa  frdquaocaa  propraa,  aala  auaal  da  la  qoalltd  avae  laqualla 
laa  afforta  appllquia  aont  calculdo*  Pour  laa  baaaaa  friquancaa,  laa  contrOlaa  aont 

aatlafaiaanta* 


5.2.3  •  Bxeit,a^loao  £erlod^qua£ 

Laa  afforta  dCvaloppda  par  la  g(a6rata«r  ont  daa  fronta  da  aontla  eorraapondant 
plua  %  on  erdnaao  qn'ft  ona  ainoaolda.  Four  aa  rapprochar  daa  condltlona  d'aaaal,  daa  aaau' 
raa  aont  affaetoiaa  avac  ona  forca  axeitatrlca  apant  la  forna  auivanta  (voir  fig. 26) 


Fig.  26  -  Exeitation  trapizoldaU. 


L««  Moat  rtxliaix  •n  tr«rl«r  1«  t«*p8  d«  moatie  ta  (tm  >  10  et 
8t  5  ■•)  at  la  friqucQca  d* •seitatioo.  Laa  fifaras  27  i  30  prStantent  las  aoaents  au 
eaQtra  balaaca  pour  S,  7,  IS  at  30  Ha*  Saloa  las  friquencaa,  la  forma,  I'amplltude  at  la 
phasa,  la  aomaat  balaaoa  dlff#ra  aotablaaaat  du  aoaaat  d'azcltation.  Las  eorractlons 
d'laartla  paraattaat  da  ratrourar  ea  aoaaat  d'azcitatloa  d'uaa  aanlira  satlsfalsante. 


26-17 


Tout  ctts  coAtrftlts  dimontxftttt  !•  f*lsabillt6  d*  l*e«sal  do  point  do  ooo  do  lo 
aoouro  ;  11  rooto  oneoro  1  vfriflor  qao  lo  llgno  do  dordo  pout  oupportor  loo  offorto 

onoloofts  oono  doaaogo* 


5*3  -  gncltotloa  oooc  oaplitudo  do  forco  uolotno  do  collo  do  tdodrotour 


Ono  oxcltotlon  oot  riollodo  ovoc  un  pot  (loetrodynoolquo  copoble  do  fournlr  un 
offort  ooloin  do  eolui  di^oloppt  por  lo  tiotrotoor*  Cotte  oxpdrlooco  aontre  quo  lo  aon- 
togo  pout  oupportor  loo  oollleitotloiio  lapoodoo  por  lo  gdnirotour  ot  ouool  quo  lo  quoll- 
td  doo  aoouroo  no  ddpond  poo  du  nlvoou  d’oxcitotlon  (voir  fig*  31  ot  32). 


Fig.  32  ‘  Excitation  trap^ldaU  en  tangagt,  friqucnce  d  *excitation :  36  Hz. 


5.4  -  Concluolooo  rolotlvoo  >  lo  pbooo  ordporotoiro 


Loo  eoneluoiono  do  cotto  phooo  prdporotolre  oont  loo  oulvontoo  : 


-  Lo  llgno  do  dordo  chololo  dolt  oupportor  oono  Incident  I'oxcltotlon  du 
gdndrotouc  do  forco  ;  uno  cecoaaondotloo  oot  folto  ou  conotruetour  quont  I  lo  frdquonco 
do  pllotogo  du  gdttdrotour  do  aonidro  i  dvltor  lo  oocond  aodo  propro  du  aontogo. 


*  11  oot  pooolblo  d*obtonir  dono  loo  plono  do  tongoge  ot  do  locot  lo  portle 
fluctuonto  doo  offorto  odrodynoalquoo  ovoc  uno  prdcloloo  do  I'ordre  do  10  Z  done  uno 
bondo  do  frdquonco  ollont  do  0  li  55  Ho  ot  ovoc  uno  prdcioion  rdduite  ontro  55  ot  100  He. 


**  lo  roullo  cot  obtonu  ovoc  uno  prdcioion  do  I'crdre  do  5  Z  Juoqu*d  uno 
frdquonco  do  60  He* 


Souo  rdoerve  doo  condltlono  dnooedoo  cl'dooouo  I'onooablo  doo  trovoux  prdllal- 
nolroo  ddaontront  lo  foioobllltd  do  I'ooooi  onvioogd.  L'ltopo  oulvonto  conoiote  coin- 
tenont  d  offoctuor  un  tlr  oono  vont. 


6  -  TIK  SAWS  VENT 

Lo  llgno  do  dordo  oot  fixdo  our  lo  ooctour  porte-dordo  do  S2MA.  Un  eoool  do 
vlbrotlon  ouccinct  poraot  do  rolovor  loo  frdquoneoo  proproo  du  aontogo  ot  do  vdrlfior 
tottto  lo  chotnc  dynoaiquo  ovont  lo  tlr  ;  touo  coo  contrdloo  ooat  offoctudo  our  uno 
aoquotto  Incrto.  Por  ropport  oux  oooolo  prdllalnolreo  pondont  Itoqoolo  lo  aoquetto  dtolt 
occrochdo  I  on  aur,  11  opporolt  un  glloooaont  do  frdquonco  do  25  i  21  Hx  pour  lo 
douxliao  aodo  ot  do  62  I  56  Bo  pour  lo  trololdao  node. 

Lo  gdndrotoor  i  poudro  oot  oloro  aontd  dono  lo  aoquetto  ot  lo  proaler  tlr  pout 
dtro  rdollod  ovoc  loo  ordreo  do  aonoouvro  chololo  ot  ono  frdquonco  corroctoaont  plocde 
por  ropport  oux  doux  aodoo  prdcidonto. 

Loo  flguroo  33  ot  34  prdoontont  I'dvolutlon  doo  ordroo  do  coaaondo  du 
coaautotour  ot  loo  prooolono  aoourdoo  on  oortio  doo  tuydroo  dono  lo  plon  vortleol  ot 
dono  lo  plon  horlsontol.  Coo  aoouroo  Indlquont  quo  lo  gdalrotour  o  blon  fonctlonnd 
c'oot'd'dlro  quo  loo  ordroo  do  coaaondo  ooat  of foetlvoaont  rdoliodo*  Bn  utilloont  ono 
dchollo  dilotdo  pour  lo  toapo»  11  oot  pooolblo  do  aoouror  lo  toapo  d'dtoblloooaont  doo 
joto  done  loo  tuydroo*  Lo  figure  34  aontro  ouool  quMl  y  o  on  un  olio  oprdo  quotro 
coaautotlono  dono  lo  plon  horliontol. 
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A  partlr  6c  ccc  cigacux  Ic  progvcaac  dc  ddpoullleacat  calculc  Icc  efforts  ct 
lee  aoacatc  ddYcloppis  par  is  gdadratcur.  Lea  rdauitatc  coat  prdccatdc  figures  37  A 
do.  Sur  ess  flgurest  lee  efforts  et  lea  aoaeata  aeeurds  par  la  balaace  soat  tracds  de 
■ealdre  A  aettre  en  dvldeace  lea  eorrectloaa  d'laectic  ^ul  Joueat  un  rdle  prdpoaddrent 
aoa  aeuleaeat  aur  lea  aaplltudea  aala  aaaai  ear  la  forae  du  torseur  rdaultant. 


Fig.  40  •  Tir  sans  vent. 


Do  preaier  exeaea  quelltatlf  de  cee  rdeulteta  appelle  lea  reaarquea  aulraatee: 

-  I'allurc  gdodrale  des  efforts  ct  dee  aoaenta  reatltudt  per  I'exploltatlon 
oorreepoad  blea  aux  cycles  de  coaaaade  du  gdadrateur. 

-  la  parts  de  pouaade  peodeot  quelqoee  aillleecondea  sur  I'effort  vertical 
(voir  fig*  37)  eat  ua  artefact  de  aeaure  ;  elle  eat  due  A  le  eaturetloa  du  algnal  du 
poat  M2  de  la  balaace. 

-  daas  le  plea  horisoatel,  l*alda  peadaat  le  coaaande,  eat  observd  sur  lea 
efforts  et  lea  aoaenta  (voir  fig*  39  et  40). 

aprda  le  tlr,  le  syatAae  rdpond  aur  le  preaier  aode.  Alors  que  la  force 
d'excltetlon  eat  nulls,  lea  efforts  balance  dans  le  plan  vertical  aont  encore  dlevda 
(voir  fig. 37).  Lea  corrections  d'lnertle  peraetteet  de  retrouver  un  effort  quasi  aul. 

*  dea  fluctuations  d'effort  apparalaacnt  A  une  frdquenee  aupdrieure  A  100  Ha 
blen  qua  lea  algnaux  aolent  flltrda  aaelogiqueaent  A  100  Ha* 

Cette  dernlAre  reaarque  a  conduit  A  effectuer  un  flltrage  auadrlque  sur  lea 
algnaux  et  A  ddpoulller  A  aouveno  la  clr*  be  filers  auadrlque  eat  eald  A  60  Ba«  Lea 
figures  41  et  42  prdeentent  lea  efforts  obteaue  dana  lea  plana  vertical  et  horlsontal. 


Paadanc  ua  ordra  da  eoaaaada  aalataau  la  pauaaia  aat  atablllada.  Cat  riaultata  aont 
rataaaa  pour  affaeCoar  laa  eoaparalaoaa  aaae  laa  lira  avae  vaac. 


Fig.  42  -  Tiraans  vent. 


7  -  COHCLOSIOMS 


La  aatura  daa  afforta  inatanCaala  qui  a'axarcant  aur  uoa  aaquatta  aoualaa  d  dea 
▼arlatloaa  rapldaa  da  eoaaaada  daaanda  uoa  preparation  partlculllta  araat  laa  aaaala  an 
aouf f larla. 

On  aaaai  da  ca  typa  a  Cte  rdaliae  aur  una  aaquatta  da  1* AEROSPATIALE  par  la 
Diraetlon  daa  Granda  Mopana  d'Baaala  da  I'ONERA  au  Cantra  da  Modana^Avrlaux.  II  a'agla-^ 
aalt  da  aaaurar  laa  afforta  diaaloppla  par  uo  Edodrataur  da  force  an  fonctlonoaaant 
dynaalqua  dana  la  aalna  auparaoolqua  da  S2MA< 

Catta  preparation  coaaanca  par  una  Identification  dynaalqua  du  aontage  da 
aanldra  d  preclaar  laa  plagaa  da  frequanca  d  daltar  pour  la  coaaanda  du  generataur  da 
force  at  i  ddflnlr  un  aodlle  aathdaatlqua  pour  la  calcul  dea  aouvaaanta  da  la  aaquatta. 

Ella  aa  pourault  par  daa  axcltatlooa  alnunoldalea  du  aontaga  afln  d'etabllr  la 
fottctlon  da  tranafart  du  dlapoaltlf  da  aeaura*  La  toraaur  applique  d  la  aaquatta  eat 
aeaurd  aaac  uoa  prdclalon  da  >  5  Z  an  roulla  at  da  10  Z  an  tangaga  at  an  lacat  dana 
una  plaga  da  frdquenca  allant  da  0  d  60  Ba.  Daa  axcltatlooa  alnuaoldalaa  coapieaantalraa 
aontrant  qua  la  qualltd  da  la  raatltutlon  du  toraaur  n'aat  altdrea,  nl  par  I'augaenta- 
tlon  du  nlaaau  da  I'affort  appllquC,  ol  par  daa  axcltatlooa  alaultaneaa  an  tangaga  at  an 
lacat*  Dea  excitation#  plrlodlquaa  aont  affactueaa  an  appllqoant  daa  afforta  altamea  da 
forua  trapexoldala  plua  raprCaantatlfa  da  I'affort  deraloppe  par  la  generataur*  La 
coZneldanca  antra  l*effort  applique  at  I'affort  reaultant  aat  aatlafalaanta . 

La  preparation  aa  taraina  par  un  tlr  aana  rant*  Ca  tlr  eontra  qua  la  dlapoaltlf 
d'aaaal  aat  opCratlonnal  at  qua  la  eitboda  da  aaeura  paraat  d'accCdar  aux  afforta 
loatantanea  qui  a'axarcant  aur  la  aaquatta* 
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tEfBEEBCBS  BULIOCRAPBIQUES 


-  E*  GAICREBET  at  6.  RECENAM 

Bourallea  althodaa  d'acquleltlon  du  buffatlag 

IZiae  colloqua  d* Airodynealqua  AppllquEa  AAAF  *  ooraabra  7S 
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E.  GAieVEIET  at  J*  BOOtELlEKE 
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The  success  of  a  coraerclal  transport  developaent  Is  heavily  Influenced  by  the  accu¬ 
racy  of  drag  aeasureaents  during  the  aerodynaalc  developaent  In  the  wind  tunnel.  It 
Is  shown,  that  the  Internal  balance  4s  one  Halting  factor  of  accuracy. 

The  accuracy  standard  of  aodern  Internal  balances  Is  coapared  to  the  accuracy  and 
repeatability  regulreaent  of  the  aerodynaalcist.  The  coaparlson  with  high  precision 
single  coaponent  load  cells  proalses  a  large  laproveaent  potential  In  aulti  coaponent 
balance  design  and  calibration.  The  following  fields  of  laproveaent  are  discussed  In 
the  paper: 

-  Balance  design 

Balance  aaterlal  selctlon  and  treataent 
Calibration  aethods 
Calibration  software 

-  Theraal  effects 


Perfect  correction  of  the  thermal  effects  is  the  key  to  the  successful  use  of  cryo 
genic  tunnels.  An  approach  for  the  crucial  problea  of  balance  body  distortion  due 
to  teaperature  gradients  Is  deaonstrated. 


1.  Introduction 


The  call  for  Papers  for  this  AGARO-Nceting  suggasted,  that  today  the  aaln  source 
of  uncertainties  In  wind  tunnel  testing  Is  related  to  tunnel  flowfleld  Inaccuracies 
and  slaulatlon  Insufficiencies. 

Nevertheless  In  force  testing  for  transport  perforaance  the  Internal  force  balance 
Is  still  far  froa  being  perfect.  Even  In  conventional  tunnels  the  balance  Halts 
the  repeatability:  In  the  future  cryogenic  tunnels  the  balance  state  of  the  art 
Is  even  worse. 

The  basic  principle  of  any  Internal  force  balance  Is  the  aeasureaent  of  forces  by 
a  aetaIHe  spring  equipped  with  strain  gages.  This  basic  principle  allows  an  accu¬ 
racy,  which  Is  at  least  one  order  of  aagnitudc  better  than  the  accuracy  of  present 
six  coaponent  balances.  So  a  substantial  laproveaent  aay  be  achieved.  Such  1a- 
proveaents  are  urgently  required.  If  aerodynaal cists  like  to  derive  any  benefit 
froa  the  perfect  full  scale  flow  field  slaulatlon  of  cryogenic  tunnels. 
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2.  Balance  Accuracy  Requirements 


In  Mind  tunnel  testing  the  highest  eccurecy  Is  regulred  for  transport  aircraft 
cruise  perforaance  testing.  In  aost  cases  the  total  laproveaent  of  an  airplane 
design  coapared  to  Its  predecessor  Is  achieved  by  a  great  nuaber  of  alnor  detail 
laproveaents.  So  the  ulnd  tunnel  experlaent  aust  be  able  to  resolve  very  saall 
drag  Increaents  froa  one  test  condition  to  the  next.  This  resolution  Is  limited 
by  the  repeatability  of  the  balance. 

Generally  aerodynaalcists  agree  that  the  repeatability  from  one  ulnd  tunnel  run 
to  the  next  run  ("short  term  repeatability")  should  be  much  less  than  one  Drag 
Count.  The  term  "Drag  Count"  represents  a  drag  coefficient  Increment  of  0.0001. 

The  goal  of  a  "long  term  repeatability"  (repeatability  from  one  test  campaign  to 
another  test  compaign)  of  one  Drag  Count  Is  very  difficult  to  achieve  even  In  the 
best  of  conventional  tunnels. 

A  technology  Improvement,  which  allows  a  short  term  repeatability  of  about  0.1  or 
0.2  Drag  Counts,  would  offer  new  possibilities  In  airplane  optimisation  work.  To 
get  the  full  benefit  from  the  new  technology  of  the  cryogenic  tunnel,  such  Improve¬ 
ments  In  repeatability  are  urgently  needed. 


3.  Present  Accuracy  Standard  af  Internal  Balances 


The  drag  of  an  airplane  configuration  Is  evaluated  from  the  balance  signals  for 
Normal  Force,  Axial  Force  and  Pitching  Moment  by  a  component  transformation. An  addi¬ 
tional  error  Is  Introduced  during  this  process  by  unavoidable  errors  In  angle  of 
attack  measurement.  So  a  careful  error  analysis  Is  necessary  to  convert  the  "One 
Drag  Count  Requirement"  of  the  aerodynamicist  Into  an  accuracy  requirement  for  the 
bal ance . 

This  analysis  Is  done  here  using  an  actual  test  result  of  a  transport  cruise  con¬ 
dition  measurement  done  In  the  Transsonic  Tunnel  HST  of  the  NCR,  see  Fig.  1.  To¬ 
gether  with  the  dynamic  pressure,  reference  area  and  mean  aerodynamic  chord  of  the 
model  the  force  components  of  the  balance  were  recomputed  from  the  test  results. 
These  force  components  are  given  In  fig.  2.:  the  weight  of  the  model  Is  already  In¬ 
cluded  In  these  values. 


For  the  accuracy  of  Internal  six  component  balances  no  generally  adopted  definition 
exists.  The  error  band  of  the  balance  may  be  estimated  by  a  formula  developed  by 
DNH  for  the  acceptance  tests  of  new  balances.  Following  this  definition  the  toler¬ 


ated  error  In  the  force  or  moment  component 
the  other  components  Fn  Is: 


'1"  under  the  simultaneous  Impact  of 


A.F, 


max 


Maximum  Design  Force 

InaX  nmax  '' 

Ranges  of  Balance 


A:  0,001 
0,00033 


for  Absolute  Accuracy 
for  Repeatability 


a^:l,5  for  Axial  Force 
1 , 7  for  Side  Force 
1,3  for  Mormal  Force 


1,S  for  Rolling  Moment 
1,0  for  Pitching  Moment 
1,0  for  Yawing  Moment 


This  formula  takes  Into  account  the  variable  Influence  of  component  Interference. 
According  to  our  experience  with  balances  of  different  manufacturers  the  chosen 
magnitude  of  the  factors  "A"  and  "a"  describes  nearly  the  maximum  which  Is  achie¬ 
vable  with  the  very  best  of  modern  balances. 

The  balance  used  for  the  measurement  shown  In  Fig.  1  has  the  following  ranges: 


Axial  Force 

X  • 

930 

N 

Side  Force 

Y  - 

3530 

N 

Normal  Force 

Z  • 

9220 

N 

Rolling  Moment 

Mx- 

235 

Nm 

Pitching  Moment 

My» 

450 

Nm 

Tawing  Moment 

Mz- 

255 

Nm 
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Using  the  formula  given 
errors  nay  be  calculated 

above  and  the 
now.  For  the 

balance  load  data 
cruise  condition 

froH  Fig.  2  the  balance 
(C^  *  0,5)  the  resuU  is 

Component 

Error 

%  of  value 

t  of  balance  range 

Normal  force 

*  15.6  N 

1  0.6S 

+  0.17 

Axial  Force 

t  1.92  N 

1  2.36 

+  0.21 

Pitching  Moment 

r  0.62  Nm 

♦  0.44 

+  0.13 

This  table  deaonstrates  two  facts: 


A)  Mith  respect  to  the  design  load  ranges  of  the  balance  the  accuracy  formula 
given  above  results  In  errors  between  ♦  0.13  *  and  +  0.21  i  for  this  3-coni- 
ponent  ease. 

A  top  class  strain  gage  load  cell  (e.g.  Schenck  Master  Load  Cell]  gives  a 
■axlaiuis  combined  error  of  less  than  0,01  i  of  the  design  load  range.  This  com¬ 
parison  demonstrates  the  large  Improvement  potential  of  Internal  wind  tunnel 
balances. 

B)  With  respect  to  the  actual  loads  the  errors  are  much  higher  (2.36  t  In  Axial 
Force!).  This  demonstrates  the  unsatisfactory  adaption  of  the  balance  to  this 
actual  test  case.  In  fact  careful  adaption  of  the  balance  to  the  actual  test 
condition  Is  a  most  succesful  approach  to  better  balance  accuracy!  Never¬ 
theless  this  approach  Is  limited.  A  certain  reserve  In  design  load  capacity 
of  the  balance  Is  necessary  for  dynamic  overload  (buffet),  higher  off  design 
Mach  numbers  and  on  the  other  hand  It  Is  not  possible  to  design  the  axial 
force  load  range  to  much  less  than  10  X  of  the  normal  force  range. 


According  to  the  law  of  propagation  of  error  we  can  now  compute  the  combined  drag 
coefficient  error  from  the  errors  In  the  balance  components.  In  this  computation 
It  was  assumed  that  the  error  of  the  angle  of  attack  measurement  Is  0.01  degree. 
The  drag  coefficient  error  Is  shown  In  fig.  3.  According  to  the  balance  accuracy 
specification  the  repeatability  Is  about  1/3  of  the  absolute  accuracy;  this  repeat 
ability  Is  also  shown  In  Fig.  3. 

The  goal  of  a  drag  measurement  repeatability  better  than  one  Drag  Count  Is  hardly 
fulfilled  by  this  test.  A  better  adaption  of  the  balance  design  ranges  to  the  test 
condition  may  Improve  the  situation. 


Netherthel ess  the  total  accuracy  of  present-day  Internal  strain  gage  balances  Is 
still  far  away  from  the  real  capabilities  of  force  sensors  based  on  the  combina¬ 
tion  of  metallic  spring  and  strain  gage.  The  Improvement  potential  Is  hidden  1n 
nearly  any  detail  of  balance  design,  fabrication  and  calibration.  Some  of  these 
aspects  will  be  discussed  In  more  detail. 


Imorovement  of  Conventional  Balances 

The  main  sources  of  balance  Inaccuracy  and  so  the  starting  points  for  Improvements 

are: 


Imperfect 

Imperfect 

Imperfect 

Imperfect 

Imperfect 


balance  design  philosophy 
balance  fabrication  technique 
calibration  method 
evaluation  software 
electronic  readout  equipment 


ii.l  Bolonce  design  and  monufacture 


Balance  design  and  manufacture  are  covered  by  one  chapter  In  this  paper  since  they 
are  closely  coupled.  It  Is  an  established  fact  that  a  first  class  multi-component 
balance  must  be  fabricated  from  one  piece  of  metal  to  avoid  excess  hysteresis.  The 
standard  fabrication  process  Is  spark  erosion.  So  the  geometric  design  of  the 
balance  Is  limited  with  regard  to  this  fabrication  process. 


27-4 


The  method  to  assemble  strain  gage  balances  from  several  prefabricated  parts  by 
electron  beam  welding  [7]  eliminates  thes^  design  limits.  A  considerable  improve- 
nent  of  the  stiffness  especially  of  the  axial  force  paral lelogramme  is  possible  by 
an  interlocking  design  of  the  parallelogramme  outrigger  beams.  Fig.  4  shows  the 
parts  of  a  balance  prior  to  the  welding  process;  the  interlocking  geometry  of  the 
outrigger  beams  is  clearly  visible.  The  Increased  stiffness  greatly  reduces  axial 
force  Interference  effects.  Fig.  5.  shows  the  balance  body  after  the  welding  process 
and  Fig.  6.  shows  the  ready  mashined  balance. 

The  repeatability  depends  very  much  on  Internal  hysteresis  effects  of  the  balance 
material.  Since  Internal  wind  tunnel  balances  are  used  through  the  positive  load 
range  and  the  negative  range  as  well,  the  hysteresis  behaviour  also  in  the  region 
of  zero  load  1$  Important.  Fig.  7  shows  Young's  Modulus  of  maraging  steel  200  in 
the  low  stress  range  (16).  These  effects  produce  scatter  in  the  balance  results. 

Apart  from  [16)  this  effect  was  not  discussed  elsewhere  and  up  to  now  no  provision 
is  known  to  improve  this  effect. 

The  choice  of  material  for  a  strain  gage  balance  Is  still  more  black  magic  than  sci¬ 
ence.  Maraging  steel  (200,  250,  300  grade),  PH  13-8  Mo,  17.4  PH  are  favorites  of 
balance  manufacturers.  Nevertheless  the  knowledge  of  the  reasons  for  internal  hystere¬ 
sis,  the  comparative  qualities  of  the  different  materials  and  the  influence  of  thermal 
treatment  and  preloading  on  these  effects  is  very  limited.  A  repetition  of  the  work 
described  1n  [16]  using  modern  balance  materials  and  more  modern  electronic  and  strain 
gage  materials  is  urgently  needed  to  clarify  the  effect  of  thermal  treatment  and  mechan¬ 
ical  treatment  on  the  internal  hysteresis. 

Experience  achieved  so  far  indicate,  that  grain  refinement  by  thermal  treatment  has  a 
positive  effect  an  internal  hysteresis.  Multiple  loading  of  the  balance  to  about  30  % 
more  than  the  design  loads  In  advance  to  calibration  also  improves  the  hysteresis  be¬ 
haviour.  Nevertheless  more  scientific  knowledge  in  this  field  is  needed  to  get  real 
improvements . 

Another  important  balance  design  aspect  is  the  design  of  the  balance  connections  to 
sting  and  model.  Friction  and  hysteresis  in  the  connections  quite  easily  produce 
scatter  in  the  balance  signals.  Very  careful  design  and  manufacture  is  necessary  to 
minimize  these  effects.  Especially  the  manufacture  of  the  frequently  used  cone  connec¬ 
tion  is  extremely  critical.  Cylindrical  connections  on  the  model  side  and  flange  con¬ 
nections  to  the  sting  are  to  be  prefered.  Effects  can  be  minimized  also  by  decoupling 
the  measuring  areas  of  the  balance  from  the  connections  by  a  certain  lenghtof  solid 
balance  body. 

Careful  design  of  the  axial  force  parallelogramme  is  necessary  to  avoid  random  non¬ 
linear  behaviour  which  is  caused  by  minor  buckling  effects  In  the  structure.  These 
effects  mostly  are  caused  by  using  very  slim  links  and  flexures  in  the  design.  So  the 
designer  runs  into  a  conflict,  because  the  fight  against  temperature  effects  leads 
to  flexures  with  minimum  stiffness.  A  useful  tool  for  the  optimized  design  is  a  com¬ 
puter  programme  for  the  balance  body  stress  analysis,  which  allows  the  designer  quick 
changes  of  all  geometric  dimensions  in  dialog  with  the  computer.  Using  such  a  programme 
the  balance  designer  soon  acquires  the  experience  how  to  optimize  a  balance  design. 

This  computer  programme  can  only  be  based  on  simple  stress  and  strain  calculations. 
Finite  element  methods  are  much  to  complicated  for  this  optimization  process;  in  the 
balance  design  business  these  methods  can  only  be  used  to  study  basic  design  problems. 

The  most  important  balance  design  aspect  is  the  design  for  low  sensitivity  against 
thermal  effects.  Because  of  the  outstanding  importance  the  thermal  effects  are  dis¬ 
cussed  separately  in  chapter  5. 


4.2  Balance  Collbratlon  Method 


Present  calibration  methods  are  generally  characterized  by  two  common  principles: 

-  Balances  are  calibrated  by  applying  exactly  known  forces  resp.  moments  exactly 
in  the  direction  of  one  specific  balance  component.  So  one  gets  the  calibration 
of  this  balance  component  and  the  interference  of  this  component  on  the  other 
components.  In  most  cases  this  method  is  extended  to  the  simultaneous  applica¬ 
tion  of  two  components,  e,  g.  one  force  and  one  moment  which  Is  generated  by 
asymmetric  application  of  the  force.  Since  the  gravity  field  of  earth  is  by 
far  the  most  accurate  instrument  to  generate  known  forces  in  a  precisely  defined 
direction,  successful  calibration  methods  respectively  calibration  rigs  mostly 
use  free  hanging  deadweights.  Pulleys  and  levers  should  be  avoided  as  far  as 
possible . 


Result  of  the  calibration  is  evaluated  in  form  of  a  "Second  Order 
This  means,  that  the  signal  of  the  strain  gage  bridge  appointed  to 
1  is  approximated  by  the  equation: 


Calibration" . 
the  component 


A  complete  eveluatlon  of  these  equations  for  all  six  components  Is  only  possible 
If  any  possible  combination  of  two  components  Is  simultaneously  used  during  the 
calibration.  Normally  only  a  part  of  these  combinations  is  used  during  the  cali' 
bratl on . 

According  to  our  experience  all  these  calibration  methods  have  two  main  disadvan* 
tages.  The  first  disadvantage  concerns  the  necessity  to  apply  the  caiioration 
force  (or  moment)  exactly  at  the  right  position  in  the  right  direction.  Since  the 
balance  is  deflected  by  the  force»  permanent  realignments  are  necessary.  The  posi¬ 
tion  of  the  force  must  be  correct  with  respect  to  a  reference  point  or  reference 
planes  which  are  defined  relatively  to  reference  surfaces  of  the  balance. 

During  the  calibration  the  balance  Is  more  or  less  hidden  In  the  calibration  sleeve; 
so  the  control  of  exact  position  and  direction  of  the  forces  respectively  moments 
Is  extremely  difficult  and  time  consuming.  Since  the  calibration  reacts  very  sensi¬ 
tively  to  errors  in  this  respect,  this  problem  is  the  main  source  of  Inaccuracy  in 
the  calibration,  A  totally  different  calibration  method  is  necessary  for  a  real  im¬ 
provement  . 

The  second  disadvantage  mentioned  above  Is  the  description  of  the  signals  by  a 
second  order  polynom.  There  are  several  physical  reasons  for  a  slightly  nonlinear 
behaviour  of  a  spring/straIn  gage  sensor.  Since  a  balance  is  designed  symmetrically 
and  is  used  and  calibrated  In  negative  and  positive  load  direction,  the  nonlinear 
characteristic  of  such  a  balance  should  be  symmetrical  to  zero  as  is  shown  in  Fig. 8, 
This  behaviour  can  be  described  only  by  a  third  order  polynom!  So  the  evaluation 
method  should  give  a  third  order  approximation  of  the  calibration  data. 

Nevertheless  the  square  term  should  not  be  omitted.  There  are  physical  reasons  for 
a  slightly  different  sensitivity  (linear  term  of  the  polynom)  in  the  positive  and 
negative  load  direction.  This  can  be  described  quite  successfully  by  a  second  order 
term. 

So  the  signal  of  the  strain  gage  bridge  appointed  to  the  component  'M''is  described 
by  the  following  equation: 

Based  on  these  considerations  a  net.  calibration  method  was  Invented  at  the  Technical 
University  of  Darmstadt  In  cooperation  with  MBS  Transport  Division.  The  model  end 
of  the  balance  Is  attached  to  a  very  rigid  mechanism,  which  Is  very  similar  to  an 
external  six  component  balance  of  high  precision.  The  reference  point  and  reference 
axis  system  of  the  balance  to  be  calibrated  Is  carefully  adjusted  to  the  reference 
system  of  this  external  balance.  So  the  external  balance  measures  all  calibration 
load  components  applied  to  the  Internal  balance. 

The  calibration  loads  are  applied  to  the  earth  end  of  the  examinee;  normally  combi¬ 
nations  of  two  components  are  applied.  No  provision  Is  mode  for  distortion  of  the 
balance;  so  except  the  two  calibration  loads  also  the  other  components  of  the  exam¬ 
inee  will  be  slightly  loaded.  Since  all  these  loads  are  measured  correctly  In  the 
calibration  axis  system  by  the  external  balance,  the  loads  may  be  applied  by  quite 
simple  screw  Jacks.  A  comparison  of  this  calibration  principle  with  the  conventional 
principle  Is  given  In  Fig.  9.  and  Fig.  10. 

Each  data  point  gathered  during  this  calibration  process  represents  a  mixed  loading 
with  one  or  two  main  components  and  slight  interferences  In  the  other  components 
due  to  the  distortion  of  the  balance  and  the  loading  mechanism.  So  a  numerical 
algorithm  Is  needed  to  extract  the  third  order  calibration  matrix  from  this  data 
set.  This  algorithm  was  developed  at  the  Technical  University  of  Darmstadt;  the 
nonlinear  method  evaluates  the  calibration  matrix  as  a  least  square  solution  of  the 
total  calibration  data  set.  The  algorithm  was  written  In  a  computer  code  and  tested 
successfully.  Computing  time  for  the  total  calibration  in  a  MIcroVAX  is  about  15 
minutes . 

The  new  calibration  methods  allows  the  design  of  a  fully  automated  calibration 
mashine.  This  Is  of  particular  Importance  for  cryogenic  wind  tunnels  (see  chapter  5). 

Another  balance  software  problem  Is  the  computation  of  the  balance  evaluation  matrix. 
The  calibration  process  delivers  the  calibration  matrix;  for  evaluation  of  the 
signals  given  by  the  balance  In  the  tunnel  one  needs  the  evaluation  matrix  which  Is 
the  Inverse  function  of  the  calibration  matrix. 

Of  course  the  exact  Inverse  function  of  a  nonlinear  system  of  equations  does  not 
exist.  Ever  since  second  order  calibrations  are  used  for  Internal  balances,  more 
or  less  crude  approximations  are  used  for  this  Inverse  function.  The  high  speed 
of  modern  computers  and  the  development  of  fast  algorithms  for  the  Iterative  solu¬ 
tion  of  nonlinear  systems  of  equations  allows  to  do  the  job  without  the  search  for 
an  Inverse  function.  An  Iterative  solution  of  the  nonlinear  calibration  matrix 
equation  system  can  be  done  so  fast,  that  DN  LINE  solutions  of  the  original  cali¬ 
bration  matrix  can  be  used  during  the  wind  tunnel  measurements. 
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4.3  Electronic  Readout  Equipment 


Present  standerd  In  wind  tunnel  data  systems  for  strain  gage  signal  readout  Is  the 
high  precision  O.C.  amplifier  with  filter  and  digital  voltmeter.  Despite  the  extreme 
quality  of  such  equipment  errors  of  considerable  magnitude  are  generated  by  thermo¬ 
electric  voltage. 

The  accuracy  requirements  result  In  the  need  to  resolve  balance  signals  to  fractions 
of  a  microvolt.  Errors  of  several  microvolts  are  generated  already  by  small  tempera¬ 
ture  differences  In  the  lead  wires  and  connectors. 

This  problem  Is  eliminated  by  the  use  of  A.C.  excitation  and  readout  equipment.  The 
very  best  of  this  equipment  Is  able  to  resolve  strain  gage  signal  to  less  than 
0.1  pV  quite  stable.  The  use  of  A.C.  equipment  Is  strongly  recommended  for  high 
precision  balance  measurement. 


5. Thermal  Effects  and  Cryogenic  Balances 

S.1  Nature  ofTHermal  Effects 


Wind  tunnel  operation  Is  always  accompanied  with  temperature  changes  In  the  tunnel. 
Even  when  the  tunnel  Is  equipped  with  a  sophisticated  temperature  control,  over¬ 
night  and  weekend  shutdowns  result  In  a  totally  different  temperature  level  In  the 
tunnel  and  hence  In  the  model  and  In  the  balance.  So  during  tunnel  operation  the 
balance  temperature  changes  and  spatial  temperature  gradients  occur  In  the  balance 
body. 

Thermal  effects  In  the  balance  due  to  temperature  changes  presently  are  the  most 
severe  source  of  balance  Inaccuracies.  In  fact  such  thermal  effects  limit  the  accu¬ 
racy  and  repeatabibllty  of  Internal  balances  In  conventional  tunnels  already. 

The  cryogenic  tunnel  concept  offers  a  dramatically  Improved  full  scale  flow  field 
simulation.  Obviously  this  Improved  simulation  Is  only  profitable.  If  the  balance 
gives  at  least  the  same  accuracy  as  an  excellent  balance  In  a  conventional  tunnel. 
Since  balance  accuracy  In  conventional  tunnels  Is  already  limited  by  thermal  effects 
and  the  thermal  envlroraient  In  a  cryogenic  tunnel  Is  so  much  severe,  the  required 
balance  accuracy  In  a  cryogenic  tunnel  Is  much  more  difficult  to  achieve. 

In  fact  today  wo  are  still  very  far  from  the  "1  Drag  Count"  accuracy  goal  In  cryo¬ 
genic  tunnels.  Unless  dramatic  Improvements  are  achieved  In  thermal  behaviour  of 
Internal  balances,  cryogenic  tunnels  like  the  NTF  or  ETW  will  give  little  benefit. 

Balance  errors  due  to  thermal  effects  are  caused  by  several  different  physical 
effects : 

Zero  shift  and  sensitivity  shift  of  a  strain  gage  bridge  due  to  uniform  tempera 
ture  change  (no  spatial  temperature  gradient!). 

These  effects  are  always  combined  by  zero  and  k-factor  shift  of  the  gages  and 
thermal  expansion  and  Young's  Modulus  shift  of  the  balance  material. 

Zero  shift  due  to  different  temperatures  at  the  four  gages  of  one  bridge. 

False  signals  due  to  Internal  stresses  In  the  balance  body  caused  by  spatial 
temperature  gradients.  This  error  looks  like  a  zero  shift,  but  since  the  gages 
really  measure  a  strain  distribution,  this  effect  should  not  be  classified  as 
a  zero  shift. 


5.1  Effects  due  to  temperature  level 


The  effects  due  to  uniform  temperature  change  can  be  minimized  by  "matching"  of 
the  four  gages  In  one  bridge  and/or  by  conventional  hardware  compensation,  set  [14] 
for  more  details. 

Residual  effects  of  this  type  can  be  calibrated  quite  sucessfully  against  the  tem¬ 
perature.  After  numerical  correction  for  such  residua!  effects  a  satisfying  accu¬ 
racy  over  the  whole  tempereture  range  even  for  cryogenic  tunnels  can  be  achieved. 

5.2  Effects  of  Bridge  Temperatur  Differences 


The  second  group  of  effects  mentioned  above  Is  very  difficult  to  eliminate.  The 
only  possibility  Is  to  avoid  different  temperaturts  at  the  gages  of  one  bridge  as 
far  as  possible.  So  the  gages  of  one  bridge  should  be  arranged  at  close  together 
as  possible. 
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5.3  Balance  Distortion  due  to  Teaiperature  Gradients 


The  aost  severe  theraal  effect  Is  the  distortion  of  the  balance  body  due  to  spatial 
teaperature  gradients  and  especially  the  axial  force  aeasureaent  systea  Is  affected. 
It  Is  this  effect  which  prevents  really  accurate  strain  gage  acasurcaents  In  cryo¬ 
genic  tunnels  up  to  now. 

Fig.  11  deaonstrates  the  distortion  effect  on  the  axial  force  systea.  It  Is  assuaed, 
that  the  left  half  of  the  upper  outrigger  beaa  Is  Increased  In  length  due  to  a  tea¬ 
perature  rise.  The  figure  shows  the  resulting  distortion  of  the  coaplete  systea 
and  deaonstrates  the  origin  of  the  false  axial  force  signal.  Uhat  can  we  do  to  cor¬ 
rect,  alnlalze  or  even  avoid  this  effect? 

-  Prevention  or  alnlalzatlon  of  the  effect 

One  possibility  Is  the  prevention  of  any  spatial  teaperature  gradient.  Soae  authors 
suggest  to  block  off  teaperature  gradients  froa  the  axial  force  systea  by  controlled 
heating  or  cooling  at  the  balance  ends.  Up  to  now  this  Idea  was  not  succassfulj  the 
local  heating  Introduces  even  steper  local  teaperature  gradients  Into  the  balance 
body  which  worsen  the  situation.  Furtheraore  It  seeas  not  possible  to  fully  control 
the  teaperature  gradients  during  teaperature  excursion  of  the  tunnel.  A  long  tine 
Is  needed  for  stabilisation  of  the  balance  at  the  new  teaperature  level. 

Another  possibility  Is  to  design  an  axial  force  elenent  which  Is  Insensitive  against 
teaperature  gradients.  The  only  pronising  approach  Is  to  reduce  the  axial  stiffness 
of  the  paral Telogranne  flexures  as  far  as  possible.  Unfortunately  the  flexures  are 
very  heavily  stressed  by  side  force  and  yawing  aoaent,  so  the  effort  towards  low 
flexure  stiffness  Is  closely  Halted.  Nevertheless  this  deaonstrates  the  extreme 
Importance  of  a  close  natch  of  the  balance  to  the  test  case  In  the  tunnel.  If  the 
use  of  the  balance  Is  strictly  restrained  on  transport  performance  neasurements,  the 
balance  can  be  designed  for  very  low  side  components  (side  force,  yawing  and  rolling 
aoaent).  The  design  side  component  can  be  restricted  to  magnitudes  which  result  from 
asynnetrlcal  fabrication  and  alignment  of  the  model.  So  very  low  flexure  stiffness 
can  be  achieved  with  corresponding  low  sensitivity  against  temperature  gradients. 

But  1n  any  case  additional  provisions  are  necessary. 

A  coaplete  novel  design  of  the  axial  force  system  which  basically  Is  not  sensitive 
against  teaperature  gradients,  has  not  been  Invented  or  proposed  up  to  now.  This 
field  Is  still  open  for  creative  engineers. 

-  Correction  of  teaperature  gradient  effects 

One  possibility  Is  to  measure  the  teaperature  distribution  In  the  balance  body  at  a 
sufficient  number  of  positions  and  to  compute  a  correction  of  the  false  signal  from 
this  teaperature  distribution.  Recent  experience  gathered  at  MBB  Bremen  demonstrated 
that  big  Improvements  can  be  achieved  by  this  method  |14|.  Nevertheless  a  careful 
application  of  this  aethod  Is  very  tiae  consuming  and  the  finally  obtained  accuracy 
Is  not  sufficient  for  the  large  teaperature  gradients  to  be  found  In  cryogenic  bal¬ 
ances  . 

A  derivative  of  this  method  Is  to  wire  the  teaperature  sensors  (resistor  sensors) 
directly  Into  the  axial  force  strain  gage  bridge.  This  simple  method  Is  less  accu¬ 
rate  than  the  computational  aethod  mentioned  above  and  does  not  satisfy  the  accuracy 
regulreaent  of  transport  performance  measurements. 

A  more  promising  approach  was  developed  at  the  Technical  University  of  Darmstadt  In 
cooperation  with  MBB.  The  Idea  Is  based  on  the  fact,  that  the  thermal  distortion 
alone  only  produces  an  egulllbinn  of  forces  Inside  the  balance  body.  Fig.  12  shows 
an  axial  force  paral lelograaae  system  without  the  conventional  bending  bean  sensor, 
which  Is  distorted  by  a  thermal  expansion  In  the  upper  bean.  The  forces  In  the  two 
flexure  systems  are  of  equal  size  and  opposite  direction.  An  axial  force  would  pro¬ 
duce  equal  deflections  In  the  sane  direction  In  the  flexures.  So  If  a  measuring 
element  Is  Integrated  In  both  flexure  systeas.  the  sun  of  both  signals  Is  a  measure 
of  axial  force  and  the  difference  of  the  signals  represents  the  temperature  effect. 

This  basic  Idea  led  to  the  design  of  three  axial  force  systeas  with  different  sens¬ 
ing  elements,  see  Fig.  13,  14  and  IS.  A  complete  six  component  balance  was  designed 
following  the  same  design  principle,  see  Fig.  IS. 

In  a  real  system  like  this  the  separation  of  force  effect  and  temperature  effect 
will  not  be  perfect  duo  to  tolerances  In  fabrication  and  gage  application.  Axial 
force  will  result  In  equal  deflections  of  the  front  end  aft  systea  while  teapera¬ 
ture  gradients  will  result  In  equal  hut  opposite  forces  In  both  systems.  So  the 
simple  sum  of  the  front  and  aft  signals  will  not  exactly  represent  the  net  axial 
force  effect.  This  problem  can  be  solved  by  a  special  calibration  procedure. 

-  Force  calibration 

Nith  constant  teaperature  the  balance  Is  calibrated  by  axial  forces.  Apart  from  the 
calibration  this  test  gives  the  result,  that  the  front  element  signal  Cw  and  the  aft 
clement  signal  £2^  always  have  the  saae  ration,  which  Is  close  to  I. 
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-  TeapcrAture  gradient  calibration 


In  the  unloaded  balance  a  distortion  like  shoun  In  Fig.  1Z  Is 
heating  of  one  bean.  The  result  Is,  that  signals  generated  by 
have  the  ratio 


generated  by  local 
distortion  always 


which  Is  close  to  -1 . 

In  operation  the  elements  give  the  signals 


front  end  system  C,=  C^*£ij  @ 

aft  end  system  E2  =  '2A**2g  (?) 

signal  due  to  axial  force  - } 

signal  due  to  distortion  - 


The  equat1ons^to(^form  a  linear  system  for  the  unknown  valuesC^^,  'lg 

'2b- 


By  solving  this  set  of  equations  one  gets  the  net  signals  due  to  axial  force 


'2a  = 


Cl  -PC2 

o-P 


respectively  the  sun  of  the  front  and  the  aft  end  signal 


^’A  *'2a® 


i'1  -'iPHual. 


So  the  temperature  effect  Is  perfectly  separated  from  the  force  measurement. 


This  concept  was  verified  by  a  measurement  with  the  axial  force  system  shown  In 
Fig.  13.  The  element  was  equiped  with  temperature  sensors  and  heating  elements  as 
shown  In  Fig.  17.  At  different  temperature  levels  from  ambient  temperature  down  to 
cryogenic  temperature  the  element  was  locally  heated  to  Introduce  temperature  grad¬ 
ients  Into  the  structure. 

Results  of  this  test  are  plotted  In  Fig.  18.  The  signals  of  both  bending  beans  (eval 
uated  as  micro-strains)  are  plotted  against  the  difference  of  the  mean  values  of  tem 
perature  In  the  upper  and  In  the  lower  bean.  The  result  Is  a  linear  correlation  be¬ 
tween  the  signals  and  the  mean  temperature  difference  with  a  scatter  of  less  than 
0,04  microstrains  through  the  whole  temperature  range.  Approximation  by  a  second  or¬ 
der  polynom  results  In  a  remaining  scatter  of  about  0,02  microstrains. 

The  signals  at  zero  temperature  gradient  show  the  apparent  strain  effect  through  the 
temperature  range.  Accidentally  the  gages  on  this  element  are  closely  matched,  so 
the  apparent  strain  effect  Is  low. 

The  correlation  of  the  signals  to  the  mean  temperature  difference  Is  also  a  funktion 
of  the  total  temperature  level.  This  Is  evident  because  parameters  like  thermal  ex¬ 
pansion  coefficient,  K-factor  of  gages  and  Young's  modulus  are  functions  of  tempera¬ 
ture. 

The  evaluation  of  front  and  aft  signal  ratio  (see  equation  to  above! )  gives  an  even 
more  accurate  result  than  the  correlation  of  the  signals  against  mean  temperature 
difference.  The  ratio  Is  constant  within  a  scatter  of  less  than  0,01  microstrains, 
which  Is  well  below  the  accuracy  requirements.  Again  this  signal  ratio  Is  a  funktion 
of  the  temperature  level.  The  correlation  can  be  described  by  simple  mathematical 
functions,  so  the  correction  In  the  computer  Is  possible. 

These  results  promise  an  approach  to  a  satisfying  correction  method  for  thermal  ef¬ 
fects  In  axial  force  systems.  Considering  the  extremely  high  accuracy  requirements 
and  the  unfavourable  conditions  In  a  cryogenic  tunnel,  a  long  distance  Is  still  to 
go  for  the  final  solution  of  force  measuromont  In  cryogenic  wind  tunnels. 
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6.  Conclusion 


Precise  wind  tunnel  dr«9  aeasureaents  ere  en  urgent  need  In  transport  aircraft  devel- 
opaent.  Present  balance  technology  Halts  the  accuracy  and  especially  the  repeata¬ 
bility  of  such  aeasureaents  In  conventional  tunnels  and  auch  aore  In  cryogenic  tun¬ 
nels. 

Total  accuracy  of  Internal  balances  can  be  laproved  by  a  balance  design,  which  Is 
closely  aatched  to  the  actual  test  case,  further  iaproveaents  are  possible  by  advanc¬ 
ed  calibration  aethods  and  calibration  software  as  well  ss  by  advanced  balance  design 
methods. 

Repeatability  Is  aalniy  Influenced  by  Internal  hysteresis  of  the  balance  material 
and  by  temperature  effects.  Hysteresis  effects  can  be  ainlaized  by  the  selection 
of  balance  material  and  heat  treatment.  Further  scientific  work  Is  needed  in  this 
field. 

Temperature  effects  can  be  minimized  and  corrected  by  relatively  simple  aethods  ex¬ 
cept  the  effect  of  thermal  distortion  In  the  balance  body  due  to  temperature  grad¬ 
ients.  This  effect  up  to  now  severely  Halts  the  accuracy  of  internal  balances  in 
cryogenic  tunnel.  The  effect  may  be  corrected  with  satisfying  accuracy  by  a  design 
with  twin  axial  force  elements  and  a  special  calibration  procedure. 

The  development  work  on  cryogenic  balances  done  In  cooperation  of  Technical  Uni¬ 
versity  of  Darmstadt  and  HBB  Transport  Division  Is  funded  by  the  German  Ministry  of 
Research  and  Technology. 
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CHARACTERIZATION  Of  HYPERSONIC  WIND  TUNNEL  FLOW  FIELDS 
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by 
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SUMMARY 

Hypersonic  test  facilities  produce  flow  fields  which  are  difficult  to  characterize. 
In  the  past*  Mny  hypersonic  facilities  «rere  reputed  to  produce  test  data  of  inferior 
quality  tdten,  in  fact*  it  was  poor  characterization  of  the  flow  field  principally  at 
fault.  With  the  renaissance  in  hypers^iics  at  hand,  experinentalists  face  ^mew  the  chal¬ 
lenge  of  accurately  characterising  flow  fields.  The  U.S.  Air  Force's  Arnold  Engineering 
DevelopsMAt  Center  (AEOC)  has  faced  these  conplex  problens  and  developed  techniques  to 
accurately  detemine  free-atrean  conditions.  This  paper  highlights  those  "tools  of  char¬ 
acterisation”  and  suggests  a  standard  by  %diich  all  hypersonic  wind  tunnels  should  be  com¬ 
pared. 

LIST  OF  SYMBOLS 

Axial-Force  Coefficient 
Nonsal-Force  Coefficient 
Specific  Beat  at  Constant  Pressure 
Wind  Tunnel  Throat  Diameter 
Energy  of  Molecular  Vibration 
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Model  Ziength 
Mach  Number 
Pressure 

Beat  Addition  Term  (Eq.  (3)) 

Gas  Constant 
Reynolds  Humber 
Model  Radius 
Model  Surface  Distance 
Temperature 
Velocity 

Axial  Distance  to  Center  of  Pressure 
Axial  Distance 
Angle  of  Attack 
Ratio  of  Specific  Heats 
Density 

Circumferential  Angle  on  Model 
Shock  Angle  on  Model 

SUPERSCRIPT 

Conditions  Behind  a  Normal  Shock 

SUBSCRIPTS 

1  Conditions  Before  a  Heat  Addition  Process 

2  Conditions  After  a  Heat  Addition  Process 
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^  Centerline 

DP  Dew  Point 

FZ  Freezing 

N  Nozzle  Static 

n  Model  Nose 

o  Reservoir  Conditions 

TR  Translational 

V  Vibrational 

w  Nall 

«  Free  Stream 


EXAMPLES  OF  CHARACTERIZATION  PROBLEMS 

In  1976  experisientalists  working  with  ABDC’s  hypersonic  wind  tunnels  discovered 
that  the  arc-driven  hypersonic  Tunnel  F  was  operating  at  a  lower  Mach  number  than  expected 
based  an  isantropic  calculations.  A  task  force  was  assembled  to  investigate  errors  as 
high  as  25  percent  in  free-stream  Mach  number,  and  its  findings  serve  as  a  basis  for  this 
paper. 

Generally,  inq^roper  characterization  of  hypersonic  tunnel  flow  fields  manifests  it¬ 
self  as  an  error  in  Mach  number.  Although  Tunnel  F  Is  an  extreme  case  owing  to  its  arc 


heater,  all  hypersonic  wind  tunnels »  regardless  of  type,  appear  to  have  some  Mack  number 
characterization  problems.  For  example,  ^OC's  Tunnel  C,  heated  by  conventional  clean- 
air  heaters,  exhibits  a  Mach  error  of  as  zmich  as  1.5  percent  compared  to  that  predicted 
by  isentropic  flow  using  the  ratio  of  free-stream  pitot  to  reservoir  pressure  (see  Fig.  1). 

These  relatively  small  errors  in  Mach  num¬ 
ber  can  have  large  effects  on  the  test  article. 
Recently,  K.  Hartellucci  of  Science  Applications 
International  reported  (Ref.  2)  that  a  2-percent 
apparent  Mach  error  produced  a  20-percent  error 
in  static  pressure  measured  on  a  model.  Those 
tests  were  performed  in  a  hypersonic  wind  tunnel 
at  Mach  10. 

The  message  distilled  frcxn  these  experiences 
is  that  any  hypersonic  wind  tunnel  operating  at  or 
above  Mach  6  is  likely  to  have  flow-field  char¬ 
acterization  problems  because  of  non-isentropic 
phenomena . 

hypothesis  of  NON'ISENTROPIC  PROCESSES 

The  mechanism  believed  responsible  for  the 
Tunnel  P  problem  (and  also  observed  in  Tunnel  C) 
is  vibrational  excitation,  followed  by  vibra¬ 
tional  freezing  just  dovmstreeuD  of  the  nozzle 
throat,  and  subsequent  rapid  relaxation  in  the 
do%matream  section  of  the  nozzle.  The  de¬ 
excitation  phenomenon  is  apparently  enhanced  by 
the  presence  of  water  vapor,  it  is  hypothesized 
that  condensed  water  vapor  (and  other  contami¬ 
nants)  act  as  third  bodies.  Collision  of  vibra- 
tionally  excited  air  molecules  with  these  third 
bodies  allows  de-excitation  to  take  place. 


Fig.  1. 


AEOC  Tunnel  C  Mach 
Niunber  Adjustment. 


The  reservoir  gas  of  most  hypersonic  wind 
tunnels  is  excited  to  various  energetic  states  as 
shoinrn  in  Pig.  2.  Note  that  the  vibrational  state  is  excited  beginning  approximately  at 
1400^R  which  means  that  perfect-gas  wind  txmnels  can  experience  the  phenomenon  when  test 
section  Mach  numbers  of  six  or  mare  are  produced.  Duplication  facilities  (where  true 
temperatures  are  produced  in  the  test  section)  encounter  excitation  at  test  section  Mach 
numbers  above  three.  Generally,  only  arc^heated  facilities  where  arc  electron  tempera¬ 
tures  approach  2S,000^R  can  excite  the  higher  energy  states.  Once  free  of  the  arc  column, 
the  molecules  recombine  in  the  order  of  10''^  seconds.  The  higher  energy  states  thus  de¬ 
cay  to  excited  vibrational  states  which  have  relatively  long  relaxation  times,  such  that 
a  significant  amount  of  the  vibrational  energy  remains  excited  as  it  passes  through  the 
wind  tunnel  throat. 

Approximate 


Fig.  2.  Energetic  Species  in  a  Wind  Tunnel  Reservoir. 


The  vibrational  freezing  downstream  of  the  throat  is  predictable  based  upon  avail¬ 
able  N2  relaxation  rates.  The  subsequent  relaxation  (or  de-excitation)  hypothesis  was 
tested  in  Tunnel  C  by  measuring  the  vibrational  temperature  with  various  levels  of  water 
vapor  using  a  Laser-Raman  scattering  technique.  Mach  number  was  experimentally  deter¬ 
mined  from  cone  measurements. 
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Figure  3  indicate*  the  strong  correlation  between  water  vapor  (dew  point)  and  vibra* 
tlonal  teaperature ,  and  the  aubeequant  effects  on  measured  Mach  number.  Figure  4  illus¬ 
trates  this  process  in  the  wind  tunnels  %rhere  the  do«mstream  portion  of  the  contoxired 
noszle  approximates  a  constant  area  duct.  Mhen  a  mechanism  is  present  to  raise  the 
static  teig>erature  in  a  constant  area,  supersonic  flow  (for  M  >  8) ,  the  free-streeun 
static  pressure  also  rises  significantly  with  AP^/P^  **  However,  velocity  and 

density  (hence  pitot  presa^lre)  change  very  little. 


Ots  P«in(  lncrm$lng 
Effect  on  Vibrational 
Temperature,  Ty. 
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Fig.  3.  Effect  of  Water  Vapor  on 
Tv  and 


Fig.  4.  Rypotheala  of  Cauae. 


This  may  be  shown  by  considering  a  heat  addition  process  in  a  constant  area  duct 
where  condition  ”1”  is  prior  to  the  addition  and  condition  *2”  is  after  it.  The  govern¬ 
ing  equations  are 


Vf  *  -f 


And  rearranging  Eq.  (2), 


oA  = 

Using  the  equations  of  state,  continuity,  and  momentum. 


!i  lllA] 

|_l  +  YHjJ 

1  _ 1  P  *  ^"i1 , 

^  YMj  YmJ  yMj  |_1  +  YMjJ 


Sisgtllfylng, 


2»4 


but 

po*  -  k  P' 

Therefore# 

!^  .  !li  R  *  ^"il 

‘’oi  iti  j_i  +  YMy 


(9) 

(10) 


A  typical  Mach  change  observed  in  Tunnel  T  tras  from  «  14  to  M2  »  12.5.  Solving  for 
these  values  (assuming  y  "  1.4),  Poj/Poi  -  0.9991,  or  for  M  >>  1 


(11) 


With  this  relative  insensitivity  of  pitot  pressure  to  an  entropy  increase  in  the 
ftee-stream  flow,  it  is  obvious  that  measurement  of  pitot  pressure  alone  cannot  resolve 
even  large  changes  in  the  upstream  static  temperature.  Consequently,  measurement  of  the 
ratio  Pq/Pq  does  not  readily  disclose  the  presence  of  real-gas  effects  that  would  lo%rar  M^. 

Since  the  static  pressure,  P  ,  shows  a  large  change,  the  simultaneous  measurement 
of  both  P^  and  Pq  is  required  to  accurately  determine  free-stream  conditions.  The  predic¬ 
tion  of  Mach  number  is,  therefore,  dependent  upon  precise  determination  of  free-stream 
pressure. 

The  vibration  de-excitation  phenomenon  noted  here  is  strongly  dependent  upon  both 
the  species  and  concentration  of  impurities  such  as  water  vapor.  Hence,  it  is  extremely 
important  to  decrease  these  impurities  to  the  lowest  levels  possible.  Liicewise,  the  rate 
of  expansion  is  important  in  establishing  the  vibrational  temperature  at  which  that  mode 
freezes.  Contoured  nozzles  with  high  expansion  rates  are  more  prone  to  vibrational 
freezing  problems  than  conical  nozzles  with  lower  rates. 

While  other  processes  could  be  present  to  produce  non-isentropic  flow,  the  vibra¬ 
tional  relaxation  phenomenon  appears  to  be  widespread.  Regardless  of  the  mechanism  pro¬ 
ducing  non-isentropic  expansions,  it  is  extremely  important  to  experimentally  determine 
free-stream  pressure  and  Mach  number  to  accurately  characterize  the  flow. 

EXAMPLE  EXPERIMENTS 

The  AEDC  Tunnel  P  investigation  serves  as  an  excellent  example  of  flow-field  char¬ 
acterization  because  of  its  dep^  of  analysis  and  the  wide  variety  of  experimental  tech¬ 
niques  employed.  In  this  section  that  investigation  will  be  discussed  as  a  practical 
example  of  the  tools  available  for  flow-field  analysis. 

It  is  important  to  note  that  the  Tunnel  F  flow  field  had  been  characterized  in  the 
conventional  style  previous  to  the  investigation  described  here.  In  fact.  Tunnel  F  had 
operated  for  15  years  prior  to  these  experiments.  In  addition  to  the  standard  pitot  and 
heat-transfer  surveys,  sharp-cone  models  were  used  to  demonstrate  the  validity  of  the 
calibrations.  Figures  5  and  6  present  some  of  those  results  which  clearly  leave  the  im¬ 
pression  that  no  problems  existed. 


- Thwry 
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Fig.  5.  Mach  16  COTtoured  Nozzle  Force  Results  - 
7-deg  Half -Angle  Sharp  Cone. 
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Sharp  cones,  however,  are  similar 
to  pitot  pressure  measurements  in  that 
they  are  relatively  insensitive  to  en¬ 
tropy  changes  in  the  free  streeun.  Hence, 
the  experimentalist  obtains  a  false  sense 
of  well  being. 

Blunted,  low-angle  cones  are  aero¬ 
dynamic  configurations  exhibiting  extreme 
sensitivity  to  Mach  number.  Therefore, 
an  ri^/r^,  «  0.168,  5-deg  half-angle  cone 
was  chosen  for  testing  in  Tunnel  F.  As 
noted  in  Fig.  7,  the  model  was  heavily 
instrumented  with  surface  pressures  and 
featured  three  nose  pitot  measurements 
for  redundancy. 


i/i 

Fig.  6.  Peripheral  Pressure  Measurements  In  order  to  interpret  blunt-cone 

on  a  10-deg  Sharp  Cone  (Contoured  results,  one  must  obtain  high-quality 

Noszle)  in  Tunnel  F.  predictions  of  surface  pressure  including 

tne  viscous-induced  contribution.  Fig¬ 
ure  8  presents  some  solutions  using  the  reliable  Lubard  Hypersonic  Viscous  Shock  Layer 
(HVSL)  Code.  Experimental  5-deg  cone  measurements  are  compared  to  three  of  these  solu¬ 
tions  in  Pig.  9.  Hote  that  the  viscous  contribution  is  relatively  small  at  these  Reynolds 
numbers.  Hence  the  high  sensitivity  of  wall  pressure  to  Mach  number  makes  this  the  best 
method  of  experimentally  determining  free-stream  Mach  number. 
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Fig.  7.  5-deg  Cone  Pressure  Model. 


Pig.  8.  Blunt  S-deg  Cone  Solutions  Osing  the  Lubard  RV8L  Code. 
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Fig.  9.  S-deg  Blunt  Cone  Wall  Prassxure  Measurementa. 


The  high-quality  cone  results  (Fig.  9)  permitted  a  mapping  of  the  Mach  errors  pres¬ 
ent  in  Tunnel  F.  Figure  10  compares  Mach  numbers  derived  from  the  cone  measurements  with 
those  calculated  from  pitot  pressure  measurements  assuming  isentropic  relationships. 

Note  that  the  amount  of  water  vapor  in  the  reservoir  clearly  influences  the  Mach  error, 
lending  credence  to  the  relaxation  hypothesis  raised  in  the  previous  section.  Likewise, 
the  use  of  a  4-deg  half-angle  conical  nozzle  with  lower  expansion  rate  also  indicates 
leas  Mach  error. 


Fig.  10.  Comparison  of  Mach  Niimbers 
for  Tunnel  F, 

The  rise  in  free-stream  temperature 
affects  Reynolds  number  as  well  as  Mach  num¬ 
ber.  Hence,  the  standard  Mach-Reynolds  num¬ 
ber  map  of  wind  tunnel  performance  will  show 
a  marked  decrease  in  simulation  capabilities 
as  indicated  in  Fig.  11.  The  degradation  is 
most  severe  at  higher  Mach  numbers  where  the 
reservoir  gas  must  be  heated  higher  to  pre¬ 
vent  liquefaction.  The  higher  reservoir 
temperatures  are  hypothesized  to  put  more 
energy  into  the  vibrational  mode,  and  hence 
more  energy  is  available  for  the  relaxation 
process. 


Fig.  11.  Tunnel  F  Mach-Reynolds 
Number  Map. 


Of  course,  one  cannot  run  a  large  5-deg  cone  in  the  test  section  when  other  experi¬ 
ments  are  underway.  Renee,  the  experimentalists  at  Tunnel  F  developed  a  correlation  be¬ 
tween  measured  nozzle  static  pressures  (Pn)  and  Mach  number  determined  from  the  blunt 
5-deg  cone.  That  correlation  is  illustrated  graphically  in  Fig.  12  With  a  family  of 
such  correlations  for  each  nozzle  and  throat,  free-stream  conditions  could  be  accurately 
determined.  This  method  was  extremely  successful,  and  Tunnel  F  subsequently  produced 
data  with  accuracies  CMiparable  to  those  obtained  in  ABDC's  continuous  wind  tunnels,  i.e., 
iS'percent  uncertainty. 


48*in.  Contoured  fiuzie 
d  a906in. 
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-  Line  at  Perfect 
Agreement 


OTHER  EXPERIMENTAL  METHODS 

Wedges  have  been  used  often  to  check 
Mach  nunber  experimentally.  While  they  may 
produce  useful  results^  they  are  clearly  in¬ 
ferior  in  sensitivity  con^ared  to  a  low-angle, 
blunted  cone.  Figure  13  compares  the  per¬ 
centage  change  in  measured  pressure  ratios 
between  a  wedge  and  the  5-deg  cone  used  in 
the  Tunnel  F  experiments.  Mot  only  is  the 
blunted  cone  a  factor  of  two  more  sensitive, 
but  it  eliaunates  many  practical  problems  en¬ 
countered  with  the  wedge  such  as  viscous 
sensitivity,  alignment  sensitivity,  outflow 
problems,  and  probe  interference  problems. 
These  can  be  critical  considerations  in  hyper¬ 
sonic  facilities  since  times  are  relatively 
short;  hence,  instrumentation  accuracies  are 
often  inferior  to  those  realized  in  continu¬ 
ous  wind  tunnels.  In  short,  the  factor  of 
two  increase  in  sensitivity  may  be  required 
simply  to  make  the  measurements  meaningful. 


from  Nozzle  Statics.  Free-stream  velocity  measurements  were 

made  in  the  course  of  the  Tunnel  F  experi- 
'Mod's  iMmL  <  1. 74  •  J  a  7766<i/p  ,p.  •  1. 71  ments.  Figure  14  illustrates  smear  photog- 

'  ^  ®  raphy  of  free-stream  density  fluctuations  as 

^  .  viewed  through  a  narrow  slit  on  the  tunnel 

Fig.  12.  Mach  Number  Correlation  window.  This  extremely  simple,  yet  highly 

for  Tunnel  F.  accurate  technique  essentially  produces  a 

distance  versus  time  plot  on  the  film  from 

which  velocity  is  easily  calculated.  These  measurements  are  compared  with  calculated  ve¬ 
locity  in  Fig.  IS.  Note  the  excellent  agreement.  This  agreement  further  reinforces  the 
conclusion  previously  drawn:  velocity  and  density  are  insensitive  to  a  heat-addition 
process  in  the  free-stream.  The  hypothesized  relaxation  of  vibrational  energy  will  be 
observed  primarily  as  an  increase  in  free-stream  temperature  and  pressure,  not  a  change 
in  velocity. 

this  can  be  shown  by  considering  the  equation  of  state  written  as 


P  =  pRT  or  p  -  ^  (12) 

But  for  the  heat-addition  process  in  a  constant  area  duct  previously  discussed,  Eq.  (6) 
yields 

P-  1  +  YM? 

^  J  ->1.25  (13) 

*^1  1  +  YMj 

for  the  case  of  «  14  and  M2  »  12. S. 


5-DEG  BLUNT  CONE 


p.  ^  Measure  Change 
in  pQ  anc  Shock 


Measure 


e  Boundary'ljyfr  Oisplxement  Thickness 
influences  the  Shock  Angie.  6 

•  A  0. 2-deg  Alignment  Error  •  1. 5-percent 
MKh  Error 

s  Outf  low  at  Wedge  Edges 

•  Probe  I  nWrference 


•  No  Alignment  Problems 

•  40  Measurements 

•  No  Outflow  Problems 

•  Viscous  Effects  Can  Se  Easily  Calculated 
by  lubard  Code 


6  8  10 
WMgeAngle,  deg 


Fig.  13.  Comparison  of  a  l*ow-AngIa  Wadge  and  a  5-dag  Blunt 
Cone  for  Datarmination  of  Haoh  Nunbar. 
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Fig,  14.  gnlargoBont  of  a  Fila 

Segment  Used  to  Determine 
Free-Streaa  Velocity  in 
Tunnel  F. 


Fig.  15.  Tunnel  P  Velocity  Measure- 

nenta  at  M  «  12.5  (Run  5604). 


Likewise* 


Renee  * 


and  considering  the  conservation  of  mass  (Eg.  (1))* 


«1 


U 
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(14) 

(15) 

(16) 


Vibrational  temperature  of  the  free-stream  flow  was  measured  using  the  La8er*-Rainan 
method  in  both  AE0C*8  Tunnels  C  and  F.  The  Tunnel  C  results  are  more  complete  and  hence 
are  presented  here  in  Fig.  16.  They  clearly  show  the  sensitivity  of  vibrational  tempera¬ 
ture  to  water  vapor  content  of  the  free  stream.  Note  that  the  measured  Mach  number 
closely  follows  the  trend  in  vibrational  temperature  decay.  The  Tunnel  F  results  were 
consistent  with  the  Tunnel  C  measurements. 


In  Tunnel  F  the  free-streeun  flow  con¬ 
tained*  in  addition  to  water  vapor*  vapor¬ 
ized  copper  and  tungsten  from  the  arc  cham¬ 
ber.  These  impurities  no  doxibt  further 
exacerbate  the  situation.  In  general*  one 
should  expect  non-isentropic  processes  to 
be  enhanced  in  proportion  to  the  amount  of 
contamination  present  in  the  free  stream. 

As  reservoir  temperatures  increase  to 
satisfy  the  requirements  for  hypersonic 
simulation*  clean  unadulterated  flow  will 
be  increasingly  more  difficult  to  produce. 
Recognizing  that  perfectly  clean  flow  is 
impossible  to  achieve  in  most  hypersonic 
facilities*  steps  must  be  taken  to  account 
for  the  inevitable  non-isentropic  processes 
Local  test  section  measureisents  must  be 
used  to  characterize  free-stream  test  con¬ 
ditions. 

CONCLUSIONS 

1.  Most  hypersonic  wind  tunnels  op¬ 
erating  at  or  above  Mach  8  appear  to  suffer 
a  loss  of  free-stream  Mach  number  because 
of  non-isentropic  processes  occurring  in 
the  expansion  nozzles. 


Fig.  16. 


The  Effect  of  Water  Vapor  on 
Vibrational  Temperature  and 
Measured  in  the  Test 
Section  of  AEDC  Tunnel  C. 


2.  It  is  hypothesized  that  the  prin¬ 
cipal  non-isentropic  process  consists  of  a 
rapid*  non-equilibrium*  vibrational  relax¬ 
ation  which  raises  free-stream  teaiperature 
and  pressure.  This  relaxation  phenoisenon  is  associated  with  impurities*  such  as  water 
vapor*  in  the  free-stream  flow  which  act  as  third  bodies. 
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3.  Conventional  nathoda  of  deteimlnlng  frae-etreaB  Mach  nuBl>er  (i.e..  pitot  pcea- 
aura  awaauraaianta)  are  Inaenaltlve  to  auch  non-laantroplc  pcocaaaea  and  hence  are  poor 
Indlcatora  of  trtM  Mach  nuabar.  Blunt/  low-angle  conaa,  on  the  other  hand,  have  been 
ahown  to  be  excellent  Indlcatora  of  free-atraaa  Mach  nunber. 

RECOMMENDATION 

The  hyparaonlc  wind  tunnel  taatlng  cnnannlty  ahould  adopt  a  atandard  Nach-aenaltlve 
■odel,  auch  aa  a  blunted  S-deg  cone,  by  which  all  operating  and  newly  calibrated  hyper- 
aonlc  facllltlaa  can  be  ccaparad. 
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Rdiuint 

Au  cours  de  I'dtude  dc  missiles  pilotes  par  voie  adrodynamique,  il  est  ndcessaire  d'estimer  les  efforts  et 
moments  esercAs  sur  les  gouvernes. 

Oifficilement  accessibles  par  le  calcul  numerique,  ces  etudes  sont  effectuees  en  soufflerie. 

Apres  une  premiere  phase  destinee  a  optimises  la  position  de  I'axe  et  la  forme  en  plan  de  la  gouverne,  il  s'agit 
de  mesurer  les  efforts  et  moments  dans  tout  le  domaine  de  vol. 

Une  connaissance  aussi  precise  que  possible  des  moments  autour  de  I'ase  gouverne  (Moments  de  charniere)  est 
necessaire  aux  etudes  de  pilotage. 

La  communication  proposee  etudie  I'effet  de  differents  parametres  expcrimentaux  sur  la  qualite  de  telles 
mesures. 

Abstract 

During  the  study  of  aerodynamical ly  piloted  missiles  it  is  necessary  to  estimate  the  forces  and  moments  applied 
to  the  control  surfaces. 

These  quantities  are  difficult  to  evaluate  by  numerical  methods  and  the  study  is  carried  out  in  the  wind  tunnel 
experimentally. 

After  a  first  evaluation  of  an  optimal  position  of  the  axis  of  rotation  and  of  the  planform,  the  efforts  and 
moments  are  measured  in  the  whole  flight  envelope. 

An  accurate  knowledge  of  the  moments  about  the  axis  (hinge  moment)  is  required  for  guidance  and  control 
stuides. 

The  proposed  presentation  assesses  the  influence  of  various  experimental  parameters  on  the  accuracy  of  such 
measurements. 


Description  de  I'ttude  effectutc 

Dans  le  cadre  de  ce  colloque  sur  la  precision  des  essais  en  soufflerie,  nous  avons  choisi  de  vous  presenter  une 
etude,  effectuee  il  y  a  peu  d'annees,  sur  la  meilleure  fafon  d'obtenir  une  mesure  precise  et  fiable  de  moment  de 
charniere  sur  une  gouverne  de  missile. 

Nous  verrons,  tout  au  long  de  cette  communication,  que  les  moments  de  charniere,  dans  la  mise  au  point  du 
missile,  sont  certainement  les  coefficients  les  plus  difficiles  4  mesurer  dans  de  bonnes  conditions. 

II  y  a  trts  longtcmps  que  I'optimisation  de  ces  coefficients  est  un  de  nos  soucis  majeurs  :  celA  tient  4  I'emploi 
systematique  de  servomoteurs  eiectriques  pour  mouvoir  nos  gouvernes.  Bien  entendu,  pour  des  probiemes 
d'encombrement,  dc  puissance  embarquee  et  malgre  les  progres  techrtologiques,  il  est  toujours  necessaire  de 
minimiser  les  moments  de  charniere.  Ceci  peut  se  faire  en  plafant  au  mieux  I'axe  de  la  gouverne,  compte-tenu  du 
domaine  de  vol  du  missile.  Mais  c'est  en  general  insuffisant  et  il  faut  etudier  des  formes  speciales  qui  permettent 
d'obtenir  les  resultats desires  en  rrtomcnt  de  charniere  sans  modifier  I'equilibre  general  du  missile. 

Ilya  deux  genres  d'optimisation  : 

1)  Pour  let  missiles  ‘tout  Mach*,  le  facteur  le  plus  important  est  revolution  du  foyer  en  function  du  nombre  de 
Mach,  I'influcnce  du  braquage  et  de  ('incidence  etant  reduite  4  un  rOle  secondaire  qui  n'est  pas  neglige 
pourautant. 

2)  Pour  let  missiles  ayant  une  gamme  de  Mach  de  vol  unique  (tub  ou  supersonique),  les  facteurs 
preponderants  deviennent  eventuellement  le  braquage  et  ('incidence.  Les  deplacements  du  foyer 
aerodynamiquc  sont  alort  plus  limites  que  dans  le  premier  cat. 

L'environnement  aerodynamique  dans  lequel  se  debattent  les  gouvernes,  est  aussi  tres  different  d'un  missile  4 
I'autrc : 


-  ^oulement  sain  pour  des  gouvernes  ‘canard*. 

-  acoulemcnt  tris  pierturM  quand  ce  sont  des  gouvernes  situees  derriire  des  ailes.  La,  elles  sont  soumises  i  la 
deflexion,  au  sill^e  et  aussi,  pour  les  ailes  de  trts  faible  allongement,  a  1‘acoulement  tourbillonnaire. 

Les  difficultas  se  sont  accrues,  ces  derniares  annaes,  a  cause  prinapalement  de  I'augmentation  du  domaine  de 
vol  en  incidence  de  certains  missiles,  d'une  compacita  en  envergure  accrue,  mais  aussi  d'un  nouveau  besoin  de 
coefficietst  de  moment  de  cbarniare  qui  commence  a  atre  introduit  dans  les  iois  de  pilotage  ;  d'oii  une 
modaiisation  compiate  de  ce  coefficient  au  lieu  de  la  datermination  beaucoup  plus  simple  de  son  enveloppe. 

Pour  toutes  ces  atudes,  il  n'est  plus  envisageable  de  faire  appel  au>  essais  en  vol  L'apoque  oCi  il  atait  possible 
d'effectuer  des  sdries  de  tirs  de  missile  pour  I'atude  de  I'aarodynamique,  est  ravolue  depuis  longtemps  et 
maintenant,  a  tout  le  mieux,  un  essai  en  vol  peut  donner  un  point  de  recalage.  D'autre  part,  compte  tenu  de 
Tenvironnement  aarodynamique  des  gouvernes,  I'atude  fine  des  moments  de  charniare  n'est  pas  encore  possible 
par  le  calcul :  on  peut  seulement  prapositionner  I'axe. 

II  reste  done  I'utilisation  de  la  soufflerie.  Celle-ci  peut  intervenir  a  deux  niveaux  : 

1)  Pour  atudier  la  forme  de  gouverne  rapondant  au  cahier  des  charges  et  optimiser  la  position  de  son  axe  ; 
e'est  I'aspect  optimisation  des  moments  de  charniare. 

2)  Pour  la  datermination  fine  du  moment  de  charniare  en  fonction  de  toutes  les  variables  et  en  permettre  la 
modaiisation  :  e'est  I'aspect  identification  qui  suit  logiquement  la  phase  pracadente. 

On  choisira  de  preference  dans  le  premier  cas  et  pour  des  raisons  aconomiques,  des  souffleries  de  taille 
moyenne  a  rafales  qui  permettent  de  nombreux  changements  de  configurations  en  un  temps  minimum 

Les  techniques  employees  sont  alors  : 

-  Cn  recherche  de  formes  en  plan  ou  de  position  d'axe,  une  balance  (aventuellement  deux)  est  montae  dans 
le  corps  du  missile  et  sert  de  support  a  la  gouverne  ce  qui,  pour  des  missiles  avec  gouvernes  a  I'arnare,  rend 
impossible  le  montage  de  la  maquette  sur  un  dard  balance  et  sacrifie,  dans  ce  cas,  les  pesaes  globales.  La  balance 
comporte  ganaralement  la  mesure  de  trois  composantes  :  portance,  moment  de  charniare  et  moment 
d'encastrement.  Les  deux  premiares  sont  les  principales.  file  est  dimensionnae  pour  tenir  aux  efforts  et  avoir  une 
grande  rigidita,  ce  qui  revient  a  dire  que  la  plupart  du  temps,  les  moments  de  charniare  -  par  dafinition  de  faible 
niveau  -  seront  mesuras  dans  une  zone  ne  concernant  que  quelques  pour-cents  de  I'atendue  de  mesure  de  la 
balance. 

Lorsde  I'exploitation  des  rasultats,  on  suppose  la  balance  indaformable.  file  est  fixae  au  corps  du  missile.  Les 
coefficients  sont  mesuras  dans  un  systame  d  axes  lia  au  missile.  Avec  trois  composantes  mesuraes,  on  ne  peut 
effectuer  de  changement  de  repare. 

Les  essais  dacrits  dans  la  suite  de  cet  exposa  sont  de  ce  type. 

-  Pour  la  datermination  compiate  des  moments  de  charniare,  il  est  souhaitable  de  disposer  d'une  maquette 
importante  dans  une  grande  soufflerie  mais,  dans  ce  cas,  il  devient  nacessaire  de  commander  les  braquages  a 
distance  et  ganaralement,  pour  des  missiles  i  gouvernes  a  I'arriare,  d'intagrer  les  balances  a  I'intarieur  mame  de  la 
gouverne. 

Les  changements  de  configuration  sont  tras  peu  nombreux,  et  il  est  alors  intaressant  d'utiliser  une  soufflerie  a 
fonctionnement  continu. 

On  peut  atre  conduit  aicaduire  a  deux  -  voire  a  un  -  le  nombre  de  composantes  mesuraes  :  moment  de 
charniare  et  portance.  La  pounce  est  mesurae  suivant  un  axe  perpendiculaire  au  plande  la  gouverne. 

La  forme  de  la  gouverne,  la  position  de  son  axe  atant  figaes,  il  y  a  tout  intarat  a  ce  que  les  nouveaux  rasultats 
soient  en  bonne  concordance  avec  les  pracadents. 

Ayant  constata,  sur  deux  configurations  de  mi^le  : 

-  qu'il  existait  des  diffarences  non  nagligeables  entre  les  rasultats  acquis  dans  deux  souffleries,  sur 
aventuellement  une  mame  maquette, 

-  que  les  essais  en  vol,  au  terme  de  leur  dapouillement,  mettaient  en  cause  ces  rasultats 

et  pour  essayer  de  rapondre  aux  demandes  de  precision  accrue,  nous  avons  engage  une  etude  A  caractare  general . 
L'objectif  fixe  est  la  mise  en  evidence  des  principales  sources  d'erreur  pouvant  d^rader  la  precision  des  rasultats 
et  qui  sont  i  relier  soit  i  la  maquette,  soit  i  la  balance,  soit  i  la  soufflerie. 

Au-deia  de  cet  objectif,  il  fallait  dafinir  les  paramatres  les  plus  influents  et  les  t  tiarances  A  leur  appliquer  pour 
que  le  pas^e  des  coefficients  de  soufflerie  au  missile  se  fasse  sans  doute  possible.  Nous  avons  done  choisi  trois 
configurations  aarodynamiques  tras  diffarentes  de  produits  en  daveloppement  pour  lesquels  les  essais  de  moment 
de  charniare  ataient  dajA  faits,  avec  les  rasultats  anciens  A  notre  disposition. 

1)  Une  configuration  canard  reprasentant  I'avant  d'une  bomba  ^uidae  laser,  A  domaine  de  vol  subsonique. 
file  a  fait,  par  le  passa,  I'objet  de  nombreux  essais  d'optimisation  dans  une  seule  soufflerie  (£4  Saint-Cyr  - 
I.A.T.)  (figure  3). 

2)  Une  configuration  de  missile  aarobie  A  domaine  de  vol  sub  -  trans  -  et  supersonique  dont  les  essais  avaient 
ata  effectuas  a  $2  et  $3  Modane  (figure  4). 


29-3 


3)  Un«  configuration  a  ailcf  longuai  i  domaine  da  vol  sub  -  trans  -  at  supersonique,  dont  las  assais  avaiant  ttt 

faits  a  33  IModana  at  S4  Saint-Cyr.  mais  daiK das  conditions  lagarement  diffarentas  (figure  6). 

Cast  pour  las  deux  derniaras  configuratior»qu‘un  recalaga  avac  un  essai  an  vol  atait  possible. 

Nous  allons  rappalar  briavamant  las  caractaristiquas  das  daux  souffleries  ou  ont  ata  faits  las  assais. 

-  La  soufflaria  S3  da  rONEKA  i  Modane  ast  i  rafales  ;  I'air  ast  stocka  sous  pression  dans  das  raservoirs  at 
datandu  i  travars  la  vaine  a  nos  conditions  d'assais  (figure  1). 

Las  dimensions  da  la  vaina  variant  suivant  las  tuyaras  utitisaas,  mais  sont  da  I'ordra  da  grandaur  da  :  0,76  m 
X  0,80  m  an  suparsoniqua  at  0,56  m  x  0,4  6  0,78  m  an  transsoniqua.  La  pression  ganaratrice  peut  variar  dans  un 
rapport  10  (0,4  4  4  bars))  psur  un  mama  nombra  da  Mach,  ca  qui  parmet  la  variation  du  nombra  da  Raynolds.  Las 
incidancasvontda-2*a  +  30°  pour  la  missile  4  alias  longues. 

-  La  soufflaria  £4  da  I'lnstitut  Aarotachnique  da  Saint-Cyr  ast  agalement  4  rafales ;  I'air  ast  aspira  4  travels  un 
dessicataur  4  bOlas  d'alumina  par  das  trompas  4  aau  chauda  situaas  au  dabut  du  diffuseur,  4  I'aval  da  la  vaine 
d'assais  (figure  2). 

Las  dimensions  da  la  vaina,  4  section  carraa,  sont  da  0,8S  m  x  0,85  m.  La  pression  ganaratrice  est  la  pression 
atmospharique.  II  n'y  a  done  pas  da  variation  possible  da  Reynolds  pour  un  nombra  de  Mach  donna. 

Le  nombra  de  Mach  esi  raglable  entre  0,4  at  2,5.  Cette  soufflerie  a  la  reputation  d'etre  tras  laminaire. 

II  serait  hors  de  propos  de  donner  ici  le  detail  des  programmes  effectuas  dans  les  deux  souffleries,  d'autant 
qu'ils  tenaiant  compte  de  nombreux  essais  antarieurs  :  nous  allons  seulement  exposer  les  diffarents  paramatres 
atudias. 

1.  Rarametras  maquatte 

1.1.  Evolution  gaomatrique  das  gouvemas 

Una  etude  attentive  de  la  gaomatrie  des  gouvernes  employees  lors  de  diffarents  essais  concernant  la  meme 
forme  an  plan  de  base,  a  montra  que  pour  des  raisons  diverses :  evolution  du  projet,  fabrications  hatives  sur  le  site, 
etc  ...,  les  gouvernes  ataient  rarement  identiques  d'un  essai  4  r4utre  Les  variations  portaient  sur  I'epaissaur 
relative,  le  profit,  les  rayons  de  bord  d'attaque  et  de  bord  de  fuite.  Des  recoupements  ont  done  ata  faits  dans  les 
deux  souffleries  avec  les  mames  gouvernes  dont  on  a  fait  varier  le  profit  ;  lenticulaire,  plaque  plane  biseautae  au 
bord  d'attaque,  plaque  biseautae  au  bord  d'attaque  et  au  bord  de  fuite  pour  une  apaisseur  relative  identique 
(8  %).  Pour  un  profit  donna  (double  biseau),  une  variation  de  I'apaisseur  relative  a  ata  effectuae  :  12  %,  8  %,  7  ft 
(figures  5  et  7). 

A  I'issue  de  cas  essais,  on  peut  dire  que  deux  facteurs  gaomatriques  sont  prapondarants : 

-  I'apaisseur  relative, 

-  le  biseau  de  bord  de  fuite  (f  angle  et  longueur). 

Entre  les  rasultats  extremes,  les  acarts  moyens  an  portance  sont  de  I'ordre  de  30  K  en  incidence.  C'est  dans  le 
cas  du  missile  aarobie  que  nous  avons  effectua  le  plus  d'essais  de  profits  (schemas  figure  8 ). 

Sur  les  figures  8  et  9.  nous  avons  trace,  4  Mach  =  0,9,  pour  diffarents  angles  de  braouage  de  la  gouverne,  les 
valeurs  obtanuas  pour  la  portance  et  le  moment  de  chamiere  avec  diffarents  profits.  La  rorme  en  plan  est  bien  sur 
inchangae.  Las  acarts  atteignant  30  %  en  portance  et  sont  tras  importants  en  moment  de  charniare.  A  Mach  =  2, 
cas  acarts  seraduisant  4  10  %,en  portance,  pour  une  incidence  de  10°  (figures  lOet  11). 

Sur  le  missile  4  alias  longues,  on  obtient  agalement  des  valeurs  tras  dispersaes  pour  la  portance  et  le  moment 
de  charniare,  les  acarts,  sur  ce  dernier  coefficient,  atteignant  facilement  60  34  (figures  12  et  13). 

Les  deux  profits  utilisas,  numarotas  1  et  11,  ont  la  mame  apaisseur  relative,  soit  7,2  %.  Le  premier  est 
losangique,  le  deuxiame  lenticulaire.  Le  respect  de  la  gaomatrie  exacte  du  profit  de  la  gouverne  de  vol,  apparait 
done  comme  imparatif  pour  I'obtention  da  mesures  de  moment  de  charniare,  en  soufflerie,  comparables  aux 
valeurs  da  vol.  On  surveillera,  en  particulier,  les  evolutions  qui  pauvant  intervenir  au  cours  du  daveloppement  du 
missile.  (Changement  de  procMa  de  fabrication,  de  structures  affinaes, . .) .  La  fabrication  des  maquettes 
-  apaisseurs  des  bords  d'att^ue  et  de  fuite,  diadre,  apaisseur  -  et  leur  mise  en  conformita,  doivent  atre  varifiaes 
avec  soin.  Les  moments  de  charniare,  et  agalement  I  aquilibre  ganaral  du  missile,  peuvent  atre  modifies  par  la 
gaomatrie  du  profit :  son  evolution  remat  en  causa  la  position  deT'axe  de  la  gouverne. 

1.2.  Implantation  de  la  balance 


La  balance  atant  interna,  I'axa  de  la  gouverne  traverse  la  peau  du  missile.  Un  jeu  doit  atre  laissa  afin  d'interdire 
tout  contact  entre  I'axe  de  la  gouverne.  pesa,  et  la  peau  du  missile.  II  doit  atre  minimum  pour  aviter  une 
interaction  avec  I'acoulement  autour  de  la  gouverne.  D'autres  essais  ont  montra  quo  la  parte  de  portance  liae  4  un 
jeu  trap  important  ne  pouvait  atre  nagligae. 

II  en  est  de  mame  du  jeu  entre  I'emplanture  de  la  gouverne  et  la  peau  du  missile,  qui  est  difficile  4  reprasenter  4 
rachelle  en  soufflerie  du  fait  de  la  taille  de  la  maquette. 

1.3.  TransMondaclenchae 

Des  essais  ont  ata  raalisas,  sur  le  missile  aarobie  et  le  mi«ilc  4  ailcs  longues,  avec  et  sans  dadenchement  de  la 
transition,  4  S3  Mexfane.  Ce  sont  des  grains  de  carborundum  colias  qui  ont  eta  utilisas  4  cet  effet. 


II  ne  font  apparaitrc  aucun  effat  sensible  sur  la  portance  de  la  gouverne,  I' tort  maximum,  soit  4  %,  etant  de 
I'ordre  de  grandeur  de  la  precision  de  mesure.  II  en  est  de  mtme  du  moment  de  charnito,  i  I'exception  du  cas  du 
missile  i  ailes  longues.  au-del4  de  25°  d'incidence  (10  Si  d'tort),  mais  avec  un  tort  correspondant  4  un  faible 
deplacement  du  foyer  de  la  gouverne. 

2.  ParametresIMf  elasouffletie 

2.1.  Fkieiiti  del  rewHats 

2.1.1.  a  Polairei  alter  etretourenincideiKe 

A  S3  Modane,  les  polaires  sont  effectuees  a«ec  une  montee  en  incidence,  suivie  d'une  descente,  sans 
interruption  de  I'acquisition  perfoant  cette  deuxiemc  phase. 

Nous  disting uons  deux  types  d'ecarts  : 

-  des  ecarts  lies  4  la  precision  de  la  mesure,  presque  negligeables  en  portance,  mais  plus  sensibles  en 
moment  de  charniere, 

-  des  ecarts  plus  importants,  en  portance  et  en  moment  de  charniere,  apparaissent  4  haute  incidence. 
C«  phenomenes  d'hysteresis  se  repetent  pour  tout  nouvel  essai  de  recoupement.  Nous  verrons,  plus 
loin,  que  ces  phenomenes  semblent  plus  dus  4  un  ecart  de  nombre  de  Mach  entre  Taller  et  le  retour, 
qu'4  un  phenomena  aerodynamique. 

2.1.2.  e  Oes  polaires  ont  ete  rdpetees  succeisivement,  sans  variation  des  parametres  d'essais 

Ces  recoupements  sont  de  bonne  qualite  pour  la  portance,  il  y  a  quelques  ecarts  sur  les  moments  de 
charniere  (figure  14). 

Nous  presentons  un  recoupement  sur  une  polaire  executee  4  trois  reprises  avec  la  maquette  du  missile 
aerobie,  4  Mach  =  2.  En  portance,  les  courbes,  presques  confondues,  ne  sont  pas  presentees  (ecarts  d’environ  3 

%). 

En  moment,  on  voit  une  legere  dispersion  principalement  4  faible  incidence.  Compte-tenu  des  faibles 
niveaux  mesures,  Tecart  relatif  est  important  (20  %). 

2.2.  Effat  de  Reynolds 

Comma  pour  la  transition  dedenchee,  Tutilisation  de  profils  minces  4  bords  d'attaque  aigus  rend  faible 
Tinfluence  du  nombre  de  Reynolds,  par  variation  de  pression  generatrice. 

Sur  le  missile  aerobie,  entre  Pi  ::  1  bar  et  Pi  >  3  bars,  il  n'y  a  pas  de  modification  sensible  des  niveaux  de 
portance  et  de  moment  de  charniere. 

Sur  le  missile  4  ailes  longues,  les  differences  en  incidence  ne  sont  pas  superieures  4  la  precision  de  la  mesure. 

Un  effet  de  Reynolds  plus  important  doit  toutefois  etre  envisage  entre  le  vol  et  la  soufflerie,  les  variations  de 
pression  generatrice  ne  permettant  pas  d'atteindre  les  Reynolds  eleves  du  vol  reel . 

2.3.  Effet  de  Mach 

En  subsonique  eieve,  les  obstructions  de  veine,  aux  grandes  incidences,  rendent  difficile  la  stabilisation  du 
nombre  de  Mach.  Les  temps  de  reponse  des  asservHsements  et  de  la  soufflerie,  font  que  le  nombre  de  Mach 
depend  de  Thistorique  de  Tessai  et  il  n'est  pas  le  memeselon  qu'une  situation  est  abordee  en  incidence  croissante 
ou  decroissante  Sur  le  missile  4  ailes  longues,  au  cours  d'une  polaire  en  aller-retour  4  M  >  0,9,  nous  avons  pu 
remarquer  qu'aux  variations  du  nombre  de  Mach  autour  de  sa  valeur  nominale  entre  les  montees-descentes  en 
incidence,  correspondent  des  variations  en  portance  et  moment  de  charniere  (figure  15)  Les  resultats  d'un  essai  4 
incidence  constante  et  variation  continue  en  Mach,  montrent  que  les  ecarts  precedents  s'expliquent  par  la  seule 
evolution  du  nombre  de  Mach  entre  deux  situations  identiques  par  ailleurs. 

Pour  des  comparaisons  entre  campagnes  ou  souffteries  (temps  de  reponse  4  priori  different!),  le  respect  du 
nombre  de  Mach  conditionne  la  qualite  des  recoupements. 

2.4.  Etafonnagedelabafance 

L'etalonnage  d'une  balance  sur  deux  sites  par  des  equipes  differentes,  ce  qui  suppose  aussi  des  methodes,  des 
chaTnes  de  mesure,  des  bancs  de  tarage,  des  pieces  d'application  de  charges  differentes,  ne  donne  pas  les  mEmes 
coefficients. 

Nous  avons  compare  les  mEmes  resultats  depouilies  successivement  avec  les  etalrnnages  obtenus  dans  les  deux 
souffleries.  En  portance,  Tecart  est  faible  (2,5  H),  mais  attaint  10  H  en  moment  de  charniere,  independemment 
du  nombre  de  Mach  :  il  est  4  peu  pres  proportionnei  4  ('incidence,  c'est-4-dire  au  chargement  de  la  balance.  O'ou 
Tidee  que  les  coefficients  d'interaction  portance-moment  ne  sont  pas  evalues  au  rTwme  niveau  dans  les  deux 
etalonnages. 

2.5.  Montage  en  louffleile 

Nous  avons  effectue  des  mesures  en  toumant  la  maquette  de  180°  (maquette  envers),  avec  le  missile  4  ailes 
longues.  On  voit  ainsi  apparattre  des  differences  superieures  4  la  precision  de  mesure  allant  iusqu'4  5  4  10  M  sur  le 
coefficient  de  portance  et  20  %  sur  le  coefficient  de  moment  de  tangage.  Sur  la  position  du  foyer,  cel4  se  traduit 
par  un  ecart  voisin  du  millimetre  (soit  2  H  de  la  conde  de  la  gouverne). 

L' ecart  observe  correspond  en  general  4  un  dtolage  des  courbes  d'essais. 
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2.6.  InfluanMdclaMHiffltrw 

Oe  nombrcux  r«coup«mcnts  ont  6M  faits,  toutet  chos«  ^alet  par  ailleurs,  entre  les  souffleries  £4  dc  I'l  A.T. 
Saint-Cyr  ct  $3  dc  I'ONERA  Modane,  pour  let  troit  typet  d'engin,  et  avec  plusieurt  profils  dc  gouvemes. 

Pour  le  missile  6  ailes  longues,  let  etsais  ont  Hi  rdalitCt  avec  les  gouvemes  6  profil  lenticulaire  (N°  11)  et 
prismatique  (N*  1). 

Dans  les  deux  cat,  c'est  a  Mach  >  0,9  que  les  Ccarts  sont  les  plus  importants  (figures  1 7  et  1 8) . 

En  incidence,  £4  attribue  une  portance  de  gouverne  plus  4lev4e  dans  le  cat  de  la  gouverne  n°  1 1  a  profil 
lenticulaire. 

En  moment  de  chamiare,  les  differences  sont  sensibleset  sont  suptrieures  a  la  dispersion  normale  (figure  19  et 

20) 

A  Mach  a  2,  let  acarts  sont  plus  raduits  (figures  21  et  22). 

Rappelons  qu'a  Mach  a  0,9,  une  lagare  variation  du  nombre  de  Mach  introduit  une  importante  variation  des 
coefficients  mesuras. 

Pour  le  missile  aarobie,  les  rasultats  a  Mach  a  0,9  ou  Mach  a  2,  sont  mieux  regroupas.  Une  difference  apparait 
toutefoit  localement  autour  de  I'incidence  nuile  a  Mach  a  0,9  (figures  23  et  24).  Le  profil,  atsez  apais,  est 
probablement  a  I'origine  de  ce  comportement  local  different,  le  type  d'acoulement  a  faible  incidence  devant  atre 
different  dans  let  deux  souffleries. 

Dans  le  cat  de  I'engin  canard,  les  recoupements  entre  les  deux  souffleries  sont  satisfaisants  (figures  27  et 
28).Comme  le  vol  est  subsonique,  I'axe  des  gouvemes  est  potitionna  pour  minimiter  les  moments  de  chamiare  a 
Mach  •  0,9  Let  acarts  relatifs  sur  ce  coefficient  sont  done  importants,  bien  que  correspondent  a  de  faibles 
variations  de  la  position  du  foyer. Mais  ce  sont  les  moments  de  chamiare  pris  en  compte  pour  le  positionnement  de 
I'axe  et  la  modalisation  des  moments  de  chamiare  :  cette  imprecision  n'est  pas  nagligeable  pour  la  bonne 
realisation  de  cet  travaux. 

En  resume,  let  recoupements  sont  satisfaisants  pour  I'engin  aarobie  et  I'engrn  canard  en  portance.  II  est  a  noter 
que  ces  engins  n'avoluent  que  iusqu'a  13°  d'incidence.  Sur  I'engin  canard,  avec  positionnement  de  I'axe  adapte  a 
un  vol  subsonique,  les  etsais,  dans  deux  installations,  mettent  en  evidence  des  differences  relatives  importantes 
sur  le  moment  de  chamiare. 

Dans  le  cat  du  missile  a  ailes  longues,  qui  dapatse  30°  d'incidence,  les  acarts  entre  les  deux  souffleries  se 
creusent  au-deia  de  1  S°. 

CONCLUSIONS 

On  peut  obtenir,  dans  I'ensemble,  une  meilleure  precision  sur  le  coefficient  de  portance  que  sur  le  coefficient 
de  moment  de  chamiare.  Ce  ratultat  etait  attendu  puitque  I'axe  est  potitionna  de  maniare  a  minimiser  les 
moments  de  chamiare.  II  est  alors  tras  daiicat  de  mesurer  simultanament  des  moments  faibles  et  des  portances 
aievaes. 

Parmi  les  diffarents  paramatres  atudias,  nous  retiendrons  : 

-  le  dadenchement  de  transition,  la  variation  du  nombre  de  Reynolds  (dans  les  limites  permises  par 
I'installation  d'essai,  qui  reste  aioignae  du  vol  rael),  sont  sans  effet  important  sur  les  pesaes  de  gouverne, 
avec  les  profils  utilisas, 

-  le  bon  respect  du  profil  de  la  gouverne  est  essentiel  ainsi  que,  d'une  fa(on  plus  ganarale,  la  bonne 
raalitation  de  la  maquette, 

-  les  acarts  obtervas  entre  deux  souffleries  ne  sont  pat  dc  nature  4  remettre  en  cause  le  positionnement  de 
I'axe  de  la  gouverne  optimisae  pour  les  vol  sub  et  supersoniques,  ou  le  daplacement  du  foyer  entre  le 
subsonique  et  le  supersonique  est  prapondarant. 

Dans  le  cat  du  vol  uniquement  subsonique,  le  paramatre  Mach  n'intervenant  pas,  le  positionnement  de ' 
I'axe  de  la  gouverne  pourrait  atre  lagCrement  dapendant  de  la  soufflerie. 

II  en  seraitde  mamed'un  engin  entiarement  supersonique. 

La  precision  du  nombre  de  Mach,  la  fidaiita,  le  type  de  montage  en  soufflerie,  font  apparaitre  des  acarts 
sensibles,  en  particulier  sur  le  moment  de  chamiare  .  Ils  ne  sont  toutefoit  pas  atsez  importants  pour  remettre  en 
cause  un  raglage  d'axe  de  gouverne.  Mais  il  faut  tenir  compte,  pour  I'utilisation  d'un  modaie  de  moment  de 
chamiare  dans  Fes  atudes  de  pilotage  d'un  missile,  de  I'impracision  sur  la  mesure  de  vt  coefficient. 

On  apportera  un  soin  tout  particulier  4 1'atalonnage  de  la  balance,  an  particulier  dans  le  domaine  intaressa, 
c'est-4-dire  forte  portance  et  moment  faible.  La  bonne  appraciation  des  co^icients  d'intaraction  est  essentielle 
pour  raaliser  des  mesures  de  moment  de  chamiare  satisfaisantes. 


NS :  Non  Signtficatif 


29-7 


FlflUHE  1  ;SOUFFLERIE  S3M00ANE 


Bitiment  da  meturet  Ditandeur  Vanne  rapide 
Vide  Measuring  room  Expansion  valve  Quick  opening  valve 
Vacuum 


.^r  co.7)prim6 
Compressed  air 


Second  col  rtglable 


Caisson  d'expirienees  R^chauffeur 


Adjustable  second  throat  Test  chamber 


Heater 


FIGURE  2  -  COUPE  SCHEMATKHJE  REPRESENTANT  LA  SOUFFLERIE  SIGMA  4 


FIGURE  3 


Emfcnawaad  :Ptlaa»im 


PI0UftE4 


FIQUI»E9 


y 


EFFETDEPHOOL 

Minito  Ailn  LonguM 


Mw»i  =  0.9 

- Gom.  1 

-  Gouv.  11 


FI0UI1E  13 


EFFETDE  FIDELITE 

Minil*  A<n>bM 
Maeh  =  2 


EFFET  OE  MACH 


20 


FIGURE  1E 


Z4SlMCyr 


FETP6$0WFLtlWE 


S3 


FIGURE  21 


EFFET  OE  SOUFFI.ERIE 


MMi)  =  2 


FIGURE  23 


MmIi  =  2 

- r* 

- S3 


FIOURE  2S 


EFFET  PE  SPUFFUBIE 

MMto  AiroW* 
MkIi~Z 


C0HPUTERI2ED  THERHOORAPHIC  TECIMIQUE  FOR  THE  DETECTION  OF 
BOUNDARY  LAYER  SEPARATION 


by 

R.  MONTI  And  6.  ZUPPARDI 

Inst i tut*  o4  AArodynMUi CA  ‘URtbArto  Nobil** 
FACutty  o4  EnginAArino  o4  NapIac 
P.lA  V.  TACchio  80,  80125  NapIaa  -  ItAly 


8Ur««tRY 

ThA  computAr i zAd  unstAAdy  thArmogrAphic  iDAthodology  Haa  bAAn  uAAd  aa  a  non-invAAivA 
tAchniquA  to  AOAlyzA  thA  boundAny  lAyAr  dAvAlopmAnt  And  to  dAtAct  thA  trAnAition  1 ihaa 
And  thA  AApArAtion  rAglonA  on  Air^oilA  AurfACA  in  Mind  tunnAl  .  ThA  iriAthod  ia  bAAAd  on 
thA  strong  dApondoncA  o4  thA  hAAt  trAns^Ar  coA-fficiAnt  upon  thA  flow  fiAld  condition  At 
thA  Airfoil  AUrfACA« 

This  non-invAAivA  tAChniquA  hAA  provAd  to  bA  vAry  AporopriAtA  whAo  Atudying  thA  boundAry 
lAyAr  bAhAviour  At  wAry  tow  RAynoldA  numbArA  (Ra<10*>  In  i ncompr aaaI b1  a  flow  Dacausa  At 
thAAA  conditions  thA  boundsry  lAysr  is  vsry  unstsblA  And  CAnnot  tolArAtA  Any  disturbAncA 
inducAd  by  intrusiwA  tAchniquAs. 

ThA  AXpArlmAntAl  diAgnostic  AquiprsAnt  consists  of  a  ThArmogrAph  (AGA  680>,  An  A/D 
ConvArsion  Unit  (AMIORAOIO  DIOIMEM)  And  a  MicrocomputAr  (APPLE  IIa). 

ThA  tASts  hAWA  bAAn  pArformAd  on  An  Atliptic  cylindAr,  on  a  UK)RTMAI^  FX~63-137  And  on  a 
MILEY  MOd-13-128  Airfoil. 

ThA  AxpAr ifliAntAt  rAsults  compArA  fAvourAbly  with  thosA  obtAinsd  by  othAr  Authors  thAt 
utilizAd  convAntionAl  tAchniquAS. 


LIST  OF  SYMBOLS 


c  SpACific  hAAt  of  thA  skin  mAtAriAli 

C  ModAl  chord t 

Skin  friction  coAfficiAnti 
Cp  SpAcific  hAAt  At  constAnt  prASSurAt 
h*^  ConvACtivA  hAAt  trsnsfAr  coAfficiAntt 
k  ThArrsAl  conductivity! 

N  <l,J,t)  ThArmogrAph  signAli 
Nu  NusAAlt  numbArt 

p  PrASSurAi 

Pr  Prsndtl  numbArt 

ScttK  UtUtrs 


q  HAAt  flux 

Ra  RAynoldA  numbAr 

St  StAhton  numbAr 

t  TimA 

T  TAmpArsturA 

U  Asymptotic  vAlecity 

x,y,z  CArtAAlAn  coordinAtAS  on 
T6  mAp 

CArtAsiAn  coordinAtAs  of  thA 
Airfoil  AurfACA  (aaa  Fig.2> 


a  AnglA  of  sttAcki 
^  Thickntss  of  thA  model  skim 

CurvilinAsr  distAncA  bAtwAAn  two 
consACUtivA  thArmsI  pixAlst 
Jt  Time  bAtWAAn  two  thermogrAphic  Acquisitions: 
c  Emisslvity  of  the  obsArvAd  surfACAi 


V  KinAmAtic  viscosity 
Q  Density 

^  StAphAn*'Bo1  tzmsnn  constAnt 
T  ChArAc ter i At i c  thermAl  time 
UaII  ShAAr  AtrASA 
CordinstAA  tsngent  to  the 
Airfoil  AurfACA 


Siit>«erlBt«  «nd  symbol  i 

A  ^bient  or  sin 
AW  Adi  Abst  i  c  waI  1 1 
e  ConvActivAi 

i  Inner  surfACA  of  the  model  skint 
k  Conduct ivAt 
n  Normsl  to  the  model  skin 


LS  LsminAr  SeperAtion 
o  Outer  SurfACA  of  the  model  skin 
r  RAdiAtivA 
T  Trensition 
TR  Turbulent  ReAttAchment 


1.  INTRODUCTION 

One  of  the  mojor  difficulties  in  experimentAl  AerodynAini cs  is  the  evAlustion  of  the 
interference  effects  induced  by  intrusive  probes  in  the  flow  field.  This  problem,  thAt 
is  common  in  wind  tunnel  testings,  becomes  very  critiCAl  when  SAmpling  the  boundAry 
lexers  st  low  Reynolds  numbers. 

Flow  fields  pAst  Aerodynamic  bodies  (Airfoils,  wings)  At  low  Reynolds  number  (RedO^) 
and  in  incompressible  regimes  are  roeeivirKa  'soctav  great  attention  for  applications  to 
Remotely  Piloted  Vehicles  (ltPV>,  sailplanes,  turbine  blades,  inboard  sections  of 
helicopter  rotors  and  so  on. 

Typical  hysteresis  loops  appear  in  the  lift  and  drag  curves  of  airfoils  and  wingsi  i.e. 
the  values  of  the  lift  and  drag  are  different  if  measured  when  increasing  or  when 
decreasing  the  angle  of  attack.  This  phenomenon,  caused  by  the  boundary  layer 
instability,  makes  all  the  aerodynamic  msasurements  and  their  repeatibi 1 i ty  very 
difficult.  The  low  Reynolds  numbers  flow  fields  are  being  studied  today  in  wind  tunnels 
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by  re«««rch»r«  <Rt^s«l-9>  who  h«v*  b**n  ptr^ormin^  fn«inly  fn*«i»ur«m*nt»  oi 
PtrodynMiic  forctOi  ^low  vimuol  izAtion  And  prAAAur#  m«AfturAiii«n ts. 

Aa  peinttd  out  by  MutllAr  <RAf.3>,  th*  boundAry  lAyer  At  low  RAynolds  numbtrs  i%  vtry 
AAnmitiut  to  «aa1 1 •  non-con trot lAbl*  diAturbAnct*  aa,  for  instAnct,  fr**  strAAm 
turbutoncAf  ACOUAtic  wavaa  And  (iiAchAnicAl  uibrAtionA*  ThtA#  dlAturbAOCAA  Atrongly  depend 
on  the  teAt  enu i ronmentAt  teAt  fAcilltieAt  And  AurfAce  conditionA  (roughneAA)  of  the 
AerodynAiAlc  model  a. 

In  pArticulAri 

i)  intruAiue  probeA,  aa  the  hot  wire  Anemometer,  Alter  the  flow  field, 
ii>  u i auaI i ZAt i on  techniquAA,  aa  the  Amoke  wire,  ere  not  Accurete, 

iii)  inAtrumented  Aerodynemic  modelA,  aa  the  preAAure  tep  modele,  mey  be  ineccurete 
becAUAe  of  the  finite  number  of  Aeneore  thAt  cah  be  locAted  on  the  model  Aurfece. 

The  Atm  of  the  present  peper  is  to  Ahow  the  fesAibility  of  the  thermograph i c  technique 
AA  A  non-i ntruAi ue  method  for  the  Atudy  of  the  boundary  layer  development  and  for  the 
detection  of  the  separation  regions  on  the  surface  of  airfoils  at  low  Reynolds  numbers, 
thus  avoiding  the  drawbacks  of  the  above  mentioned  methods. 

The  method  reties  on  the  fact  that  the  distribution  of  the  convective  heat  transfer 
coefficient  (or  its  non  dimenAional  value  tike  the  Nussett  or  Stanton  number)  is 
related  to  the  flow  regimes,  to  the  boundary  layer  characteristics  and  to  the  flow 
separation!  the  distribution  of  the  Nussett  (or  Stanton)  number  over  the  airfoil  surface 
will  then  yield  information  on  the  boundary  layer  evolution. 

The  method  has  been  already  tested  successfully  by  the  first  author  (Refs. 10,  11)  that 
analyzed  flow  fields  past  non-lifting  bodies  (cylinder,  sphere).  In  the  present  paper 
measurements  are  extended  to  aerodynamic  modelst  !>  an  elliptic  model  of  aspect  ratio 
lt3  (test  case),  2)  a  WORTtMM^  FX-d3-l37  airfoil  (Ref. 7)  and  3)  a  HILEY  MOd-13-126 
airfoil  (Ref. 4).  These  two  belong  to  the  class  of  airfoils  specifically  designed  to 
operate  at  very  low  Reynolds  numbers  (say  in  a  range  10^(Re(10S). 


2.  THEORETIC^^L  MODEL 

The  mathematical  model  needed  to  compute  the  Nusselt  and  Stanton  number  distribution  is 
described  in  details  in  Refs. 10,  11.  The  following  discussion  will  therefore  cover  only 
the  main  asoects  of  orcotc**. 

The  unsteady  2'’D  heat  balance  equation  for  a  thin  skin  airfoil  model  of  thickness^ 
(Fig.l)  that  is  exposed  to  heat  fluxes  at  the  outer  and  inner  surface  (q^,  qj>  reads, 
when  integrating  the  equation  across  the  model  skin  (Ref»10)t 

q,.  qV  (1) 

where  s 

p  ,  c,  k  are  the  skin  thermophysical  characteristics, 

Tq  is  the  outer  surface  temperature  of  the  model, 
d  is  the  thickness  of  the  model  skin, 

$  ,  17  are  the  coordinates  in  the  plane  tangent  to  the  surface. 

Apart  the  negligibility  of  the  curvature  effects,  the  main  assumptions  made  in  the 
derivation  of  Eq . 1  ar  e i 


I)  the  energy  accumulation  in  the  mode)  (due  to  mode)  heating  or  cooling)  is 
approximated  byi 


ii)  the  heat  conducted  through  the  mod*}  skin  is  similarly  approximated  by) 


The  above  approximations  are  discussed  in  Refs. 10,  11  where  their  validity  is  shown  to 
depend  on  the  thermal  characteristics  of  the  model  and  on  the  experimental  thermograph i c 
observation  times. 

If  only  the  convective  heat  transfer  (q^)  is  of  interest,  then  the  overall  heat  flux 
between  the  model  surface  and  ambient  must  be  corrected  by  subtracting  the  radiative 
heat  transfer  (qp^)) 


The  local  convective  heat  transfer  coefficient  is  then  defined  asi 


(To  -  T„) 
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4nd  th«  Nufts^lt  4nd  8t4ntOft  nuinb«r4  441 

Nu  .  St  =.  h—  „  Nu 

k  ,  PV  ci,^  Re  Pr 

wh«r« I 

i4  th#  44yifiptotic  velocity* 

C  14  th4  body  ch4r4ct#ri4tic  length  <in  th*  pr#4«nt  C444  th#  chord  of  th#  4frfoil>, 
Cp^  14  th4  4p*ei-fic  h«4t  o-f  4ir  4t  con4t4ftt  pr444ur4, 
i4  th»  th4rm4l  conductivity  th#  4lr. 

With  th«  4bov4  d«finition4*  on*  m4y  writ*i 


Nu=  Nu^+ Nu^+ NUj  (3, a) 

Mh*r*  Nu^,  Nu|(t  Nu^  4r*  th*  contr  t  but  i  on4  du*  to  th*  h*4t  C4p4c>ty  <un4t*4dy  t*rm> ,  to 
th*  conductiv*  4nd  to  th*  r4di4tiv4  t^rm,  r*4p4C t i v* I y ( 

_  pc8  3To  C  (3,b) 

■=  (To-T,Jdrk, 

Nu  kt  /  9To  9To\  C  (3^c) 

“  (To-T,J  ail'-'k. 

Nu  _  eo  (To-  Tj  )  C  (3,d) 

'  (T0.T.J  k, 

U4*  O-f  th*  computerized  Thermogrephic  Sy4tem  (T6>  4now4  the  outer 

4urf4ce  tempereture  di4tribution  to  be  nie44ured  in  time  T^(  g  ,  *}  ,t>  end  therefor*  the  Nu 
to  be  evetueted. 

The  knowledge  of  the  heet  trensfer  coefficient  cen  releeee  informetion  on  the  boundery 
leyer  cherecter i 4t i e4.  tn  perticuler  if  the  Reynolds  snetogy  would  apply  <St  * 
then  one  could  immediately  correlate  the  value  of  the  velocity  gradient  at  the  surface 
with  the  measurement  of  the  Stanton  numbers 

an  V  '  c  Pr 

So«  in  this  casei  the  ratio  Nu/Rr  is  a  non  dimensional  value  of  the  velocity  gradient  at 
the  surface* 

Several  generalized  forms  of  the  Reynolds  analogy  are  proposed  in  the  literature  to 
extend  it  to  cases  not  considered  in  its  classical  formulation  Ci.e.  Pr  «  1 ,  dp/d|  ■>  0>. 
In  general  for  attached  flows,  the  Stanton  number  profile  is  expected  to  be 
qualitatively  similar  to  that  of  the  skin  friction  coefficient* 

Two  typical  formulas  are  reported  here  to  substantiate  the  above  statement. 

The  first  one  (Ref. 12)  is  applicable  to  incompressible  laminar  flow  past  a  wedge  of 
angl  e  Cradl : 

St=|«-Pr"'’(6a")''’(l-Z)-''’F,  (4) 


c^  Is  the  skin  friction  coefficient, 

a  is  the  second  order  derivative  of  the  Falkner-Skan  velocity  function  on  the  body, 

is  the  wall  shear  stress, 

is  the  curvilinear  abscissa  where  the  wall  temperature  has  a  discontinuity, 
is  the  dimensionless  wall  derivative  of  the  temperature  with  respect  to  the 
coordinate  normal  to  the  surface. 

The  second  formula  (Ref. 13)  is  for  incompressible  turbulent  flowst 


'iwl 

if 


where i 

F|,  F2  ore  factors  characterizing  the  deviation  of  the  temperature  field  from  the 
Reynolds  analogy  concept.  In  all  the  above  cases  one  may  relate  the  velocity  gradient  at 
the  surface  with  St  (or,  more  directly,  with  Nu). 


.  ’ -J.fV ' . 


3.  NUHERICAL  APPROX  I  IONS 


A  compuipr  cod*  b*»n  d#v»lop*d  on  th»  b*»it  of  th»  EQft.3*-d.  It  proc«s»*s  th» 

thtrmogn^ph i c  images  to  computt  th«  Nusa*! t/Stan ton  numbar  distribution  on  tha  surfaca 
of  tha  ai rf oi I « 

Tha  coda  has  baan  arrangad  so  that  tha  thraa  contri  but  i  ons  to  tha  Nussalt  numbar  ara 
computad  saparataly  in  ordar  to  avaluata  thair  ralatiua  importanca. 

If  Jt  is  tha  alapsad  tima  batwaan  two  tharmographi c  imagasi  tha  unstaady  contribution 
is  computad  as: 

Nu  .  £CS  To(t  tAt)  -  To(t)  ,, 

At  To-T.,  k. 

whara  is  tha  avaraga  valua  of  tha  adiabatic  wall  tamparatura.  It  concidas  with  the 

auaraga  tamparatura  of  tha  obsarvad  surfaca,  taKan  in  adiabatic  staady  thermal 
condi 1 1  on . 

Tq  is  tha  surface  tamparatura  at  tha  intarmadiata  tima  batwaan  t  and  t  «  dt«  This  js 
numerically  estimated  as  tha  arithmetic  mean  of  tha  tamparaturas  at  tha  two  times  t  and 
t  ♦  4t  J 


To  «  To(  t  +  At) 
2 


(7) 


In  tha  case  of  incompressible  *  T^)  tha  Nussalt  numbar  associated  to  tha 

radiatiua  contribution  can  ba  approximated  by: 


This  approximation  is  acceptable  if  the  surface  temperature  (T^>  is  not  much  higher  than 
tha  ambient  tamparatura  <i.a.  whan  (T^  -  T^)/T^  <<1  ). 

Tha  numerical  aualuatlon  of  tha  conductive  contribution  to  tha  Nussalt  numbar  (I. a.  the 
second  ordar  derivatives  of  tha  surface  temperature)  taKas  into  account  tha  fact  that 
tha  Thermograph  detects  tha  projection  of  tha  surface  tamparatura  over  a  plane 
orthogonal  to  tha  viewing  axis;  therefore  it  was  necessary  to  develop  an  algorithm  able 
to  compute  on  curved  surfaces  taking  into  proper  account  the  airfoil  position  with 
respect  to  tha  tarmograph  <i.a.  tha  angle  of  attack). 

In  tha  present  maasuramants  the  span  axis  of  the  airfoil  is  orthogonal  to  tha  viewing 
axis  <  i;*  y) ,  therefore  the  correction  refers  only  to  the  conductive  heat  flux  along 
the  chord  direction. 

The  airfoil  model  is  positioned  with  respect  to  the  Thermograph  so  that  the  chord  is 
aligned  with  the  direction  of  the  rows;  the  number  of  pixels  available  along  the  chord 
Is  128  that  is  sufficient  for  the  evaluation  of  0^T/D|  ^  in  Eq,3c. 

The  numerical  algorithm  that  evaluates  the  second  order  derivativei  along  a  pre-*se1 ec ted 
row  "I"  and  at  the  generic  column  point  *J”,  relies  on  three  pixels  (not  equally  spacei) 
and  reads: 


The  geometrical  computing  scheme  of  the  curvilinear  distances  Jlji  Al^i*'**  Alf>  between 
two  consecutive  thermographic  pixels  on  th«  airfoil  surface  is  shown  in  Fig. 2.  The 
routine  consists  in  evaluating: 

i>  a  second  order  closed  spline  function  <Ref.i4>  i n terpol at ■ ng  the  coordinates  of  a 
number  m  of  assigned  points  of  the  airfoil  surface  (Xj ,  Zj,  typically  nY*20). 
The  selected  order  of  the  spline  is  believed  to  be  accurate  enough  for  this  computation. 
In  fact  the  property  of  the  spline  function  guarantees  the  continuity  of  the  curve,  its 
slope  and  curvature  at  each  point  of  the  surface.  This  is  an  iterative  algorithm  that 
computes  both  the  curvilinear  abscissas  i»l,...,m  and  the  coefficients  of  the 
pol  ynomi  a1  ,  parame  tr  i  c  f  unc  t  i  ons  x  »  X(|>  and  Z  *  Z(  |  ) . 

At  first  step  the  coefficients  of  the  functions  X®  «  X®(  5®)  and  Z®  *  Z^(  are 
evaluated  using  as  curvilinear  abscissas  the  distances  measured  along  the  polygon 
connecting  the  input  points.  A  number  (say  30-40)  of  subJivision  points  are  then 
introduced  in  each  interval.  A  new  set  of  curvilinear  abscissas  | ^ I  is  computed  using 
the  functions  X®,  2®  and  a  new  couple  of  X^  =  X^  |^)  and  *  zW  §*)  is  then  obtained. 
The  computation  is  iterated  until  a  convergence  criterion,  based  on  the  percentage 
difference,  at  the  generic  iteration  j:  <  ^  I  i*l,...,m,  is 
fulfilled;  '  '  ' 

ii>  the  distance  between  two  consecutive  thermal  pixels  along  the  chord:  JX  *  C  /  n, 
n  ■  J-j*  -  where  Jj  and  Jl  are  the  pixel  numbers  identifying  the  trailing  and  the 
leading  edge; 

iii)  the  curvilinear  abscissas  {2»  ••••  5n»l  points  of  the  airfoil 
surface  corresponding  to  the  geometrical  abscissa  Xj,  X2y<>*i  means  of  the 
sp 1 i ne  f unc t i on ; 


30-5 


lv>  Th*  curvilln*«r  dimtuiccs  Jl.  < ,2i . . . •»>  *r*  finally  obtaintd  from  Ij, 
|n4|  ****  •pproxiutiw*  r»l«tion»hipt 


5j-i+(Z(.i-  Ztflina 


(10) 
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4.  EXPERIMENTAL  EQUIPMENT  AND  TEST  PROCEDURE 

4.1  Th»r«>OQr»ehle  EaulM«iit 

Tht  thtrmogrAphic  •qufpiMnt  inpfqiMfttqd  *t  th*  ln«titut*  A«rodyn«in< c«  *Unb«rto 
Mobil*"  conslots  <R*^.10>t 

1>  Th*riiogr*ph  AQA  480.  This  io  *  «i08l*  dti^ctor,  cryogonicol ly  cooltd  d*vic«*  It  u%*ft 
t««o  sconnirtg  nirror*  («  rotating  And  ah  oscitlAting  mirror)  to  mAP  th*  t*mp«rAtur*  of  a 
finit*  surfACA.  Th*  photons  *Aitt*d  by  *ACh  point  of  th*  surfAC*  Ar*  focus*d  on  th* 
d*t*cto*  At  d(ff*r*nt  tiA*s  with  a  fr*qu*ncy  which  d*p*nds  on  th*  scAnning  tim*  of  th* 
mirrors. 

2)  OtdXMEH  A^/lOfMOlO  A/D  Conv*rt*r  thAt  Acquir*s  And  digitix*s  th*  th*rmogrAphic  pictur* 

in  A  mAtrix  of  th*rmAl  pix*1s.  Th*  buff*r  RMi  of  this  instrumsnt  cah  stor* 

simultAn*o<isly  two  digitizsd  th*rmAl  imAg*s  <or  mAtr»c*s>  N(t>  i  NCt**  Jt>  tAk*n  At  a 
tim*  intsrvAl  Jt  <thAt  cAn  b*  s*1*ct*d  At  will). 

Sine*  th*  fr*qu*ncy  Is  rsthsr  high*  fth*  scAnning  tim*  is  short*r  thsn  th* 

chArAct*r i St i c  cooling  tim*>  a  thsrmogrAphic  imAg*  is  tAksn  by  Avsrsging  th*  pix*1 
v*lu*s  0(/*r  sight  subs*qu*ftt  thsrmA)  Imsg**  (on*  Imsg*  *v*ry  two  s*conds>.  Cons*qu*ntty 
th*  nois*/signAl  rstlo  is  substsntiAlly  r*duc*d  And  a  mor*  ACcurAt*  surfAC*  t*mp*rAtur* 
«*ASur*m«ht  Is  providod.  Th*  thsrmAl  Accorscy  is  *stimAt»d  to  b»  About  O.I  c*ntigr*d*. 

3)  FsrsonAl  CQmput*r  (APPLE  1I*>  wh*r*  th*  two  thArmogr Aph i c  mAtric*s  Ar*  r*cord*d.  Th* 
ml crocoHiputsr  cAh  stor*  slmu) tAn*o<is]y  two  mAtric*s  of  48x120  pix*ls  (0  bits)  for 
subs*qu*nt  *lAborAtion. 

4.2  Mod* Is 

Th*  g*om*try  of  th*  MILEY  snd  th*  UORTMPM^  Airfoil  is  shown  in  Fig. 3.  Th*  dimsnsions 
(chord  And  spsn)  of  All  th*  mod*fs  or*  0.1  fm)  And  0.15  Iml  r*sp*ct i v*ly .  Th*s*  Ar* 
dictAted  by  th*  diAm*t*r  of  th*  wind  tunn*1  t*st  s*etion. 

Th*  wing  spAn  *quAls  th*  sxit  diAm*t*r  And  two  f*nc*s  sr*  tocAt*d  At  th*  spAn  *nds  in 
ord*r  to  sImulAt*  a  2'’D  flow  fi*ld. 

All  th*  mod*ls  Ar*  by  a  thin  foil  (  0.5  Cimt))  of  stAin1*ss  st**l  (S304>  whos* 

thermophysi caI  prop*rti*s  Ar*t 

Osnsity  <  Q  >  «  7P00  CKg/m^J 

Spscific  h*At  (c)  -  500  CJ/Kg/Kl 

Th*rmAl  conduciuity  <k)  «  14.4  CU/m/K] 

Th i s  fnAt*r i a1  was  chos*n  for  structursl  And  th*rmophysi caI  r*Asonsi 

i)  it  WAS  AASily  fo1d*d  to  fit  th*  Isrg*  curvAtur*  of  th*  Airfoil  IvAding  *dg* 
(du*  to  th*  v*ry  smsl 1  dimsnsion  of  th*  chord)  without  wrinklingi 

ii)  Although  th*  mAt*riAl  foil  is  v*ry  thin,  it  is  rigid  *nough  to  k**p  th*  shsp*  of 
th*  Airfoi I f 

iii)  th*  thtrmAl  conductivity  And  th*  foil  thickn*ss  *xhibits  va1u*s  thAt  sstisfy  th* 
Assumptions  mod*  in  th*  mAth*mAtiCAl  mod*1  (Eq.l). 

In  psrtiCulAr  th*  t*mp*rAtur*  tim*  d*rivAtiv*  And  th*  s*cond  ord*r  d*rivAtiv*s  Along 
th*  surfAC*  (Eqs.2A,  b)  sr*  prscticAlly  constAnt  Across  th*  foil  thickn*ss.  Th*  rAth*r 
high  th*rms1  conductivity  msy  imply  how*v*r  a  lArg*  contribution  of  th*  conductiv*  t*nn, 
in  pr*s*nc*  of  non  nvgligibl*  surfAc*  t*mp*rAtur*  s*cond  ord*r  d*riVAtiv*  Along  th* 
t*ng*ntis1  dir*ctions« 

Th*  *xt*rnAl  surf AC*  of  th*  mod*1s  was  pAint*d  with  blAck  grsphit*  powd*r  in  ord*r  to 
got  A  vaIu*  of  th*  supfAC*  *missivity  clos*  to  on*  (And  a  TO  signsl  only  slightly 
d*p*nd*nt  on  th*  surrounding  Ambi*nt  conditions). 

4.3.  E^gtr ilpontAl  Proesdur* 

Th*  Axpor liMntAl  proc*dur*  is  th*  following  on*i 

i)  ostAblish  A  st*Ady  flow  fi*1d  pAst  th*  Airfoil  mod*1  in  a  wind  tunn*1  And  m*A*ur* 
by  th*  TO  systom  th*  surfAC*  t*mp*rAtur*  At  on*  sid*  (o.g.  th*  upp*r  sid*  of  th*  mod*l>. 
This  t*mp*rAtur*  prActiCAfly  coincides  with  th*  AdisbAtic  waI I  tsmp*rAtur*  (T^^)  t 
if)  h*At  up  th*  Airfoil  model  trying  to  obtAin  a  tsmperAtur*  distribution  as  uniform 
AS  possible  (to  Avoid  Isrg*  contribution  of  Nuk>i 
iii)  shut<-eff  th*  h*At  sourc*| 

iv>  observe  with  th*  Aid  of  th*  th*rmogr*phic  system  th*  tim*  evolution  of  th*  surfsc* 
t*mp*rAtur*  of  th*  model  thst  is  being  cool*d  by  th*  Air  flows  two  thermogrAph i c  ImAges 
Ar*  tAk*n  At  A  time  intervAl  Jtf 

v>  by  sMAhs  of  th*  Microcomputer,  process  the  ^(t>  And  N  (t*  Jt)  signAl  mstrices  to 
obtAin  the  Mussel  t  And/or  th*  St  Anton  number  distribution  <^r  th*  observed  surfsc*. 


r  - 


Th*  •xp«rim»ntAl  •quipmtnt  is  shOMo  in  Figs. 4s, b 
4.4  Msstino  Systsas 


Timo  hssting  procsdurss  wiH  b«  dsscribsd  snd  tht  results  compsrsd.  In  th»  first 
proctdurt  th*  hsstiog  of  th*  modsi  tskss  pise*  whsn  it  is  in  ths  sirflow)  in  ths  sscond 
proesdurt  ths  hosting  is  psrfornisd  bofors  th*  sirflow  is  ostsbiishod  ovor  the  modof . 

Ths  drsMbsck  of  ths  first  proesdurt  is  tho  disuniformi ty  of  th#  tomporsturt  profilo 
along  th#  chord  <o.g«  in  corrospondonco  of  tho  loading  odgo  duo  to  tho  higher  cooiing 
rsto> . 

Two  difforont  hosting  tochniquos  havo  boon  usod  in  connoction  with  tho  first  procoduroi 

i>  tho  first  tochniquo  consists  in  blOMing  hot  air  <a/300  C)  into  tho  hotiow  modol  by 
moans  of  a  blowor  connoetod  to  tho  model  through  a  muff| 
ii)  tho  socond  tochniquo  usos  a  "comb*  of  otoctric  wires,  positioned  inside  tho  model 
and  running  along  tho  wing  span,  they  radiate  power  onto  tho  inner  surface  of  tho  modol. 

Ui th  both  tho  above  techniques  tho  first  thermographic  imago  is  taken  soon  after  the 
heating  source  is  shut-off. 

A  typical  profile  of  tho  first  thermographic  imago,  obtained  for  tho  UORTMAhtf  airfoil 
heated  by  tho  hot  air,  is  shown  in  Fig.Sa.  One  can  notice  tho  low  temperatures  at  the 
leading  edge  because  of  tho  high  local  heat  transfer  to  tho  airi  low  temperatures  also 
occur  at  the  trailing  edge  because  of  the  reduced  hot  air  mass  flow  rate  in  these 
regi ons. 

The  contribution  of  the  conductive  flux  is  therefore  important  and  must  be  carefully 
evaluated. 

When  using  electrical  wires  the  value  of  q|,  transmitted  to  the  model  wall  by  the  wires 
(after  the  power  source  is  shut-off),  must  be  evaluated  and  included  in  Eq.l. 

With  the  second  procedure  the  heating  of  the  model  is  accomplished  with  the  tunnel 
airflow  diverted  away  from  the  model  by  means  of  a  baffle.  With  this  procedure  a  third 
heating  technique  can  be  usedi  warm  air  (/v^O  C>  Is  blown  on  the  external  model  surface. 
The  first  thermograph i c  image  is  taken  2-3  seconds  after  the  baffle  is  removed  and  a 
steady  flow  field  is  created  over  the  airfoil.  This  heating  procedure  may  lead  to  an 
initial  temperature  distribution  more  uniform  than  the  one  achieved  with  the  first 
procedure  (Fig.Sb) . 

The  uniformity  of  the  temperature  may  be  appreciated  by  looking  at  the  Thermograph 
Honitori  the  experimenter  can  consequently  blow  warm  air  at  the  appropriate  surface 
regions  to  achieve  an  almost  constant  surface  temperature  (this  technique  cannot  be  used 
in  closed  test  chamber  wind  tunnels). 

Most  of  the  thermographic  results,  which  will  be  shown  in  the  next  sections,  have  been 
obtained  with  this  procedure. 

4,9  Chole.  o4  Th.rmoor.ah I e  S.QU«nc. 

The  choice  of  the  time  interval  Jt  is  a  compromise  among  the  following  requirements: 

t)  the  numerical  approximation  of  the  time  derivative  (Eq.4>  that  calls  for  a  small 
time  interval  I 

ii)  the  Thermograph  sensitivity  that  would  suggest  long  time  intervals  to  achieve  an 
accurate  evaluation  of  the  "difference*  between  the  two  temperature  matrices 
T<t*  Jt)-J(t)| 

Tii)  the  validity  of  the  assumptions  (2a, b),  that  is  best  accomplished  with  a  rather 
long  time  interval. 

To  estimate  the  value  of  Jt  necessary  to  obtain  a  minimum  temperature  difference  J Tm 
detectable  by  the  Thermograph  (as  for  requirement  ii>,  one  can  write  (Ref.lO): 


AT-=,^(T„-T,)  (11) 


where  i 

T^  -  T^  is  the  temperature  increase  of  the  model  surface  over  the  ambient  temperature. 
By  using  the  external  heating  technlquei  ~  •  20  C  guarantees  a  sufficiently  large 

value  of  JTm. 

In  fact  recalling  the  definition  of  the  characteristic  thermal  time  (c>i 


t-,££6 

h 


(12) 


and  assuming  for  the  NusseTt  number^an  averaot  value  of  350,  one  obtains  (from  the 
definition  of  the  Nusselt  number)i  h  ■  70  CW/m^KJ.  Eq.l2  (by  using  the  geometrical  and 
thermophysi cal  properties  of  the  skin  materials)  gives  T  ^20  [si.  To  obtain  sufficiently 
large  values  of  JTm,  the  value  of  Jt  was  therefore  set  at  4  Cs]  that  implies  average 
surface  temperature  differences  of  4  CCl  (measured  with  good  accuracy  by  the  TO  System). 


4.4  Cal  ibpation  And  Temperature  Mewrement 

The  success  of  the  TO  technique  is  based  on  the  possibility  of  obtaining  accurate 
temperature  maps  of  the  model  surface.  This  involves  a  calibration  procedure  and  a 
software  for  the  transformation  of  the  signal  matrix  N(t>  into  a  temperature  matrix 
T<t>.  * 

Calibration  curves  are  constructed  for  the  surface  of  interest  at  a  given  sensitivity 
and  at  constant  ambient  conditions  by  looking  at  a  surface  point  where  the  temperature 


cAft  b«  cbangtd  «t  will  (within  th*  tMipArnturA  r«no«  o4  inttr»At>  and  whara  tha 
tawparatura  can  ba  Maaaurad  by  a  point  aanaor  proba.  Tha  coupla  of  valuaa  of  T  and  N  ara 
racordad  to  construct  a  calibration  curua  to  covar  all  tha  tamparatura  ranpa.  lha  valua 
of  N'that  corrasponds  to  tha  tamparatura  T  is  howavar  dapandant  on  tha  window  (or  slot) 
pesitioni  chosan  by  tha  TO  oparater* 

Tha  calibration  curua  is  built  piacawisa  by  patching  togathar  diffarant  lagsi  obtainad 
at  diffarant  windCM  positions*  At  a  window  position  *1*  ona  racords  T|  and  N|  at 
incraasad  tamparatura  ualuas  starting  at  tamparatura  whan  tha  window  ranga  is 

covarad  <a*g.  dT  *  20  C>  and  tha  valua  of  N  corraspendtng  to  Tjmuj.  ■  ^tmin  * 
its  maximum  valua  than  tha  window  is  shiftad  to  position  so  that  tha  sama 

^Imax  corrasponds  to  a  smatlar  valua  of  N  (N^t - >  (saa  Fig*da  whara  tha  calibration 
curvas  built  for  tha-alllptic  OMdal  ara  shown^  Tha  patching  of  tha  two  calibration 
curvas  is  than  parforawd  by  plotting  tha  sacond  curva  shiftad  by  dN  ■  *  ^anio 

(Fig.db)  (tha  maxiauim  valua  of  dN  ia  tha  numbar  of  availabla  bits/pixal  ot  tha 
precassi  in  tha  subjact  casa  dN  *  203>. 

A  cemplata  calibration  curva  is  than  obtainad  covaring  tha  tamparatura  ranga  of 

intarast . 

Tha  maasuraawnt  phasa  naads  a  rafaranca  tamparatura  (T^.)  in  tha  fiald  of  viaw  to 

racognisa  a  point  on  tha  calibration  curva.  By  raading  tha  valua  of  Nj^.  corraspondl ng  to 
Tp,  taKan  at  tha  ganaral  window  position  (i>»  ona  is  abla  to  salact  tha  propar  position 

of  tha  calibration  curva  with  raspact  to  tha  N  axis*  In  fact  raading  on  tha  calibration 

curva  tha  valua  of  corrasponding  to  T.  allows  to  computa  tha  valua  of  tha  •hiftdNi- 

-  -  V 

Tha  point  surfaca  tamparatura  corrasponding  to  tha  valua  N  is  than  found  by  computing 
tha  "corractad*  signal  givan  by  «  N  ^  dNi,i.*  antaring  tha  calibration  curva  with 
this  naw  valua  and  raading  T(N^>. 

4.7  SUBBCrt  8flf<W«rt 

Tha  Tharmograph i c  Systam  is  aquippad  (Raf.lO*  11>  with  a  numbar  of  routinas  writtan  in 
machina  languaga  that  allowi  1)  tha  managamant  of  tha  tharmographic  imagas  N(I,J) 
( transfar  from  tha  Digimam  to  tha  Microcomputar,  racording/raading  on/from  tha  Floppy 
Disk  atc«>t  2)  tha  alaboration  and  3)  tha  visualization.  Thasa  last  routinas  consist  in 
displaying  and  printing!  i)  tha  atamants  of  tha  matrix  N(1,J>,  ii>  tha  plot  of  tha 
tharmograph. c  signals  along  an  assignad  row  *1*  (or  column  *J”>b  ili)  tha  Tharmograph 
signal  on  colour  monitors. 

Two  graphic  routinas  hava  baan  spaeificalty  davalopadt  i>  to  plot  tha  distribution  of 
tha  Nussalt  numbar  along  tha  prasalactad  row  *1*  (a.g*  along  tha  airfoil  chord)  and  ii> 
tha  Nussalt  numbar  footprint  on  tha  modal  surfaca.  It  is  possibla  to  ehoosa  tha 
visualization  and  printing  of  tha  total  Nussalt  numbar  or  of  ona  of  Its  contributions 
(Nu^,  Nu^) . 


9.  RESULTS 

5.1  T.«t  Mod. I 

Expariawnts  hava  baan  parformad  praliminarly  to  ansura  that  tha  tharmograhic 
maasuramants  and  tha  prc^osad  procadura  wara  corract.  Dua  to  tha  lack  of  any 
axparimantal  and  thaoratical/numar ical  data  about  tha  Nussalt  numbar  distribution  along 
tha  surfaca  of  tha  wing,  it  was  nacassary  to  gat  data  for  an  alliptic  cylinder  of  axis 
ratio  1 i3  for  which  tha  Nussalt  numbar  distribution  was  availabla  (Raf.15).  Tha  Nussalt 
numbar  distributions,  obtainad  for  o  •  o,  Ra  •  7.P2xl0^  and  o*  IS,  Ra  ■  7.93x10^  ara 
shown  In  Fig«7a  and  Fig. 7b  raspact ival y. 

Tha  agraamant  batwaan  tha  16  results  and  tha  onas  raportad  in  Raf.lS  ara  qualitatively 
good,  thus  tha  results  that  will  ba  shown  later  can  ba  baliavad  to  ba  raliabla. 

The  discrepancy  at  tha  leading  and  trailing  edges  at  o*  0  is  probably  dua  to  tha  fact 
that  tha  local  amissivity  coefficient  is  diffarant  from  tha  valua  adopted  in  tha 
computation  (f  •  1);  this  may  also  tw  dua  to  tha  affect  of  tha  curvature  at  tha  edges 
that  altars  tha  local  viaw  angle  of  tha  surfaca  observed  by  tha  Tarmograph.  This 
discrepancy  is  observed  also  in  tha  middle  part  of  tha  wing  section  (at  large  angles  of 
attack).  On  tha  other  hand  tha  maasuramants  made  in  Raf.lS  (by  tha  steady  state  method) 
do  not  seam  to  ba  vary  accurate  because  heat  radiation  from  tha  modal  surfaca  and  heat 
conduction  in  tha  modal  skin  hava  baan  neglected  in  tha  computations.  Furthermore 
discrete  tamparatura  maasuramant  points  ara  taken.  Finally  tha  assumption  of  tha  uniform 
heat  flux  all  over  tha  surfaca  (by  Joule  heating  of  tha  skin)  seams  to  ba  too 
opt imi Stic. 

5.2  Boundary  L.y.r  D«v.Iop—iH  Oo.r  AIMoll. 

Th.  iMiinar  ..paration  bubbl.  Is  th.  r.I.vant  ph.naM.non  In  boundary  lay.r  d.v.lepiii.nt 
past  airfoils  at  low  Rsynolds  nunbars. 

Th.  spparatlon  bubbl.  (Fig, 8)  is  foriii.d  wh.n  th.  laminar  boundary  layar  datach.s  from 
th.  airfoil  surfaca.  Th.  bubbl.  is  foratad  by  th*  combin.d  sff.cts  of  th.  aduM>s. 
pr.ssur.  gradi.nti  dewnstr.am  of  th.  polBt  of  mlnlimim  pr.ssur*,  and  of  th*  low  valu*  of 
th*  lt*yno1ds  nusitwr,  Th*  s*parat*d  sh.ar  lay*r  Indues  larg*  v.locity  disturbanc.s  In 
th*  flew  fi.ldt  and  typically  th*  lamlnar/turbul.nt  transition  always  occurs  in  th* 
sh*ar  lay*r  that  subs*gu*ntly  r.attaeh.s  to  th*  surfac*  (R*fs.2,  B>. 

Th*  laminar  saparation  point  is  char ac t*r I a*d  by  an  abrupt  d*cr*a**  of  th*  valu*  of  th* 
Nuss.1t  numbar.  Th*  opposit*  (Incr.ss*  of  th*  Nussalt  numbar)  hold*  for  th*  subsaquant 
turbulant  raattachmant.  A  typical  plot  of  th*  Nussalt  numbar  along  th*  airfoil,  for  th* 
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Mll«y  Airfoil  At  a  aO  And  RA^tO^  io  Ahown  in  Fio.9t  th*  tAHiinAr  StpArAtion  (LS),  th* 
TrAHAition  <T>  And  thA  TurbulAnt  RAAttnchAiAnt  <TR>  pointA  ArA  indicAtAd. 

ThA  AicrovorticAA*  innidA  thA  bubblA,  AffAct  thA  hAAt  trAnpfAr  coAfficiAnt  According  to 
thA  -flOM  rngiMA  in  thA  AAporAtion  shAAr  InyAr.  Uhnn  thA  flow  fiAld  in  thA  AhAAr  lAyAr  iA 
lAAinAri  A  dtcrAAAA  of  thA  AlopA  of  thA  NuaaaI  t  HuiiibAr  curvA  Along  thA  chord  hAA  to  bA 
AXpActAdi  dUA  to  thA  IncrAAAA  of  thA  boundAry  InyAr  thicknAAA.  A  hAAt  trnnAfnr  rncovAry 
occurA  whAn  thA  flow  in  thA  AhAAr  Inynr  bAccmAA  turbulAnt.  ThiA  ia  probnbty  duA  to  thA 
fluid  AntrAlnmAnt  froa  thA  AxtArnnl  AtrAAiA  into  thA  bubblA  (RAf.2>.  ThArAforn  thA 
•  iniMum  vAluA  of  thA  NuAAAlt  nuAibtr  cnn  bA  tnkAn  aa  nn  indicntion  of  thA 
I AMinAr/turbuf Ant  trnnAition  in  thA  aHaat  InyAr. 

ExpAr imAntnl  tAAtA  hnvA  bAAn  mndA  to  chACk  thnt  thn  flow  ia  lAminar  upAtrAnm  of  thA 
nbACiSAA  X/C  a  0.2S  (othArwiAA  no  lAMinAr  bubblA  would  AxiAt  nt  thA  conditionA  of 
Fig«9)a  TurbulAhCA  waa  inducAd  by  mAAnA  of  a  1.5  im  dimiiAtAr  tripping  wirA  (plncAd  Along 
thA  Airfoil  mpnn  nt  X/C  a  o.20>.  ThA  thArmogrAphic  rAAultA  (Fig.lOn)  clAnrty  Ahow  how 
thA  NuAAAlt  numbAr  bAhnviour  ia  Aimilnr  to  thA  onA  rAportAd  in  Fig.9  upAtrAAix  of  thA 
WirA  And  thnt  it  is  totnlly  diffArAnt  downstrAAAi  of  thA  wirA.  Similnrly,  to  provA  thnt 
thA  flow  iA  turbulAnt  in  thA  downAtrAnm  rAgion*  a  wirA  ia  locntAd  nt  X/C  a  o.7S.  ThA 
thArmogrAphic  rAAultn  <Fig.l0b>  clAnrly  Ahow  thnt  thA  NuaaaI t  numbAr  ia  Aimilnr  to  thA 
onA  of  Fjg.9  <thA  pointA  of  thA  plot  thnt  c^rAApond  to  thA  wirA  locntion  hnvA  no 
NiAAning)  • 

ThA  AVAluntion  of  thA  NuaaaI  t/Stnn  ton  numbAr  diAtribution  Ia  pArfoririAd  Along  thA  Airfoil 
(th#  row  nuf^bAr  Ia  Ahown  nt  thA  top  of  AACh  plot  gnoArntAd  by  tht  camputAr)^  thA  plotA 
Ahown  rAfAr  to  thA  CAntArtinA  of  thA  modAl  (coinciding  with  thA  wind  tunnnl  axia).  Tht 
2-0  hypothAAiA  of  tht  thtrmof luidynninic  flow  fitld  cnn  bt  chtcktd  by  Annlyzing  Fig. 11 
thnt  AhowA  thA  footprint  of  tht  NuAAtlt  numbtr  of  tht  MILEY  Airfoil  upptr  Aurfnct  At  a«0 
And  RtalO*.  Tht  picturt  clAnrty  AhowA  thnt  tht  NuAAtlt  numbtr  profilt  it  prncticAlly 
conAtnnt  Along  tht  Apnn  <2-0  flow).  On  tht  AAmt  picturt  tht  poAition  of  tht  row  31, 
Along  which  tht  curvtA  of  Fig.9  hnut  bttn  tuAtunttd,  ia  Ahown. 

S.3  Pifcyfftgn  inti  fWil/iii 

SyAttmAtic  thArmogrnphic  ttAtA  hnvA  bttn  ptrformtd  on  tht  UlOkTMM^  nnd  MltEY  nirfoilA 
According  to  tht  following  conditionAt 


UORTMRMf 
Ra  a  SxlO^t 

MILEY 

Ra  -  7x10^1 
Ra  •  10^1 


a  a  0, 

3, 

4. 

9, 

12. 

15, 

18 

a  a  0, 

3. 

7, 

to, 

13, 

13, 

12. 

19,  21 

a  a-9, 

-3, 

0, 

3. 

7, 

10. 

13, 

15,  17,19,  23 

Tht  pOAition  of  tht  lAminnr  AtpArntion,  of  tht  turbultnt  rtAttAchmtnt  nnd  of  tht 
trnnAition  in  tht  Ahtnr  Inytr  nrt  compnrAd  with  thoAt  rtporttd  in  RtfA.7  nnd  4  nnd  nrt 
AumtArizAd  in  FigA.12f  t3t  14. 

In  gAntml  tht  Agrttmtnt  with  prtviouA  rtAultA  cnn  bt  conAidtrtd  AAt  I  Af  nc  tory ,  in  vitw 
of  thA  high  inAtnbility  of  tht  boundnry  Inytr  nt  low  RtynoldA  numbtrA  nnd  to  tht  fnct 
thnt  prtviouA  dntn  hnvt  bttn  obtnintd  by  intruAivt  ttchniqutA. 

RtAultA  for  tht  i40RTH4F8<  Airfoil  ngrtt  with  othtr  dntn  pnrticulnrly  for  tht  trnnAition 
And  tht  turbultnt  rtAttnchmAnt  pointA.  Tht  only  Aignificnnt  di AAgrttmtnt a  nrt  found  nt 
aa  3  Pnd  aa  12  for  tht  lAminnr  AApnrAtion  pointA  petition. 

ThArmogrAphic  rttultA  for  tht  MILEY  Airfoil  Ahow  nn  ngrttmAnt  for  tht  pointA  of  lAminnr 
AApnrAtion.  ThA  compAriton  of  tht  turbultnt  rtAttnchmAnt  pointA  it  difficult  btenutt 
only  ftw  txptr imAntnl  dntn  nrt  rtoortAd  in  Rtf. 4  (turbultnt  rtAttAChmtntA  hnvt  bttn 
dAtACtAd  only  At  o  a  21 ,  Rp  «  7x10^  And  At  o-  -9,  -3,  19,  Rt  a  10^).  On  tht  contrary 
thA  hhiAAAlt  numbtr  plotA  Attm  to  rtvAAl  tht  proAtnet  of  a  turbultr^  rtAttnchmAnt  nnd 
aIao  thA  AxiAtAncA  ^  A  InminAr  AtpArntim  bubblt  At  aM  tht  nngltA  of  nttnek. 

Tht  NuAAAlt  numbtr  di Atr ibutionA  At  aa  zt*  Ra  a  7x10^  (Fig. 15)  clttrly  Ahow  a  Itnding 
tdgt  AtAl  1  I  thA  diAtribution  of  tht  NuAAtlt  niXAbtr  Ia  conAtnnt  Along  tht  chord  (thiA 
vAluA  Ia  About  thA  minimum  vaIua  nttnintd  nt  difftrtnt  nngltA  of  nttnek  nt  tht  Anmt 
RtynoldA  numbtr). 

Non  t>^iCAl  NuAAAlt  numbtr  profiltA  At  oa)7  pnd  aai9  for  RtaTXlO^  nrt  Ahown  in 
Fig.ldAfb.  Thty  Ahow  m  *pockAt*  (bttwAtn  X/C  a  0.20  nnd  X/C  *  0.45),  following  tht 
laminar  AAparatioa  bubblt,  that  might  provt  th#  AxtAttncA  of  a  compltx  AtpArntion  zont. 
ThiA  phAnomtnon  dotA  not  AppAtr  In  tht  NuAAtlt  numbtr  profiltA  obtnintd  for  tht  Anmt 
Airfoil  At  tht  AAmt  RtynoldA  numbtr  nnd  at  AmnllAr  nngltA  of  nttnek  (aaa  Fig. 17  on  which 
thA  NuAAAlt  diAtribution  nt  a  a  15  and  Rt  *  7x10^  iA  Ahown). 


6.  CONCLUDING  REMARKS 

Tht  high  inAtnbility  of  tht  boundary  Inytr  at  vary  low  RtynoldA  numbtr  flow  maktA  it 
vary  difficult  to  ptrform  nccurntA  and  rtpAAtAblt  mAAAurAmtntA  by  uAing  convtnt i onnl , 
intruAivA  mtthodA. 

Tht  unAtAAdy,  computtr iztd,  thArmogrnphic  wintncd  hAA  provtd  to  .bt  a  pewtrful , 
non-intruAiUA  dingnOAtie  ttchniqut  obit  to  rntnAurt  local  vaIuaa  of  tht  NuAAtlt  numbtr 
ovtr  wingA,  Tht  dtpAndAnct  of  tht  convtctivA  htnt  tranaftr  coAfficitnt,  (i.t. 
^AiaaaI  t/Stanton  numbtrA)  upon  tht  flow  rtgimtA  (1  aminar/turbulAnt)  and  upon  tht  flow 
conditionA  (nttachtd  or  AAparntAd  flew)  maktA  thiA  ttchniguA  nblt  to  annlyzA  th# 
boundary  layer  dAVAlopmtnt  in  compltx  f  1uid)niAfAic  conditionA.  In  tht  prtAtnt  work  tht 
mothod  haA  bttn  Aptciflcally  uAtd  to  djattet  laminar  Atparntion  bubbltA  (poAition  and 
Itngth)  at  low  RtynoldA  numbtr  (Rt  <  10*>.  A  gualitatiut  AgrttmAnt  waa  found  with  othtr 
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dat*  rtporttd  in  th*  li ttratur*  obt*in*d  by  oth*r  txp*rimtnta1  tachniquas  (prassur*  tap 
modal «•  wnokt  wiraa). 

Tha  poaitiMt  o-f  -  tha  laminar  aaparati^,  of  tha  tranaition,  and  of  tha  turbulant 
raattachmant •  <^tainad  by  tha  Nuaaalt  numbar  diatribution  analyaia  for  tha  UORTMAM^  and 
for  tha  MILEY  airfoil  auggaat  that  tha  typical  phanomanol ogy  takaa  plact  in  tha  laminar 
aaparation  bubblai  by  incraaaing  tha  angla  of  attack  tha  aaparation  point  shifts  forward 
and  tha  bubbla  langth  dacraaaaa. 

Furthar  raaaarch  activitiaa  on  this  subjact  will  involva  tha  analysis  of  tha  boundary 
layar  in  flow  fialds  (finita  wings>«  which  still  today  is  a  critical  mattar  in 
axparimantal  aarodynamics*  howavar  tha  proposad  mathod  is  imnadiataly  applicabla  to  3-D 
flows.  Work  is  in  prograss  to  improva  tha  hasting  tachniqua  in  ordar  to  raaliza  tha 
dasirad  tamparatura  distribution  and  to  oparata  in  a  closad  tast  chambar  wind  tunnal  . 
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Fig.  6  -  Construction  of;  •)  on  *td  hoc*  coHbratlon  curve  and  b)  ■easureaent 
of  tha  surface  teaperature  by  the  calibration  curve  for  the  elliptic  aodel 


Fig.  11  -  Footprint  of  the  Nusselt  nuaber  on  the  upper 
surface  of  the  Miley  airfoil  at  a  -  0  and  Re  >  10^ 

oo  Lanunar  Sepir.  Tarbulanr  naalt.  Empry  Symb.  Rat  7 
a  a  TranalMen  *  Tutbulanr  Sapar  Pmi  8ymb.  Praa.  Mat 


Fig.  12  -  Comparison  of  the  abscissas  of  the  laminar  separation 
transition  and  turbulent  reattachment  points  over  the  hortmann 
airfoil  at  Re  =  8x10* 


•  x/c 


Fig.  13  -  Comparison  of  the  abscisses  of  the  laminar  separation 
transition  and  turbulent  rcettechment  points  over  the  Niley  air 
foil  at  Re  ■  7x10* 


Fig.  14  -  Coaptrlson  of  the  ebsdssas  of  the  laalnar  separation 
transition  and  turbolent  reattachaent  points  over  the  Miley  air 
foil  at  Ae  -  10* 
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Fig.  IS  -  Nusselt  nuaber  distribution  over 
the  Miley  airfoil  at  o •  21  and  Re  •  7x10* 
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Accmucy  problems  in  wind  iukis  during 

T1UNSPORT  AIRCRAFT  OEYELOPMENT 


GUnttr  KrMU 

MiSS*racla1tt-Bli1kM-B1ota  GMbH 
UntanMhBMilMfcfch  Truisport-  und  Verkehrsflugicuge 
D-2800  Br«Mn  1.  FRG 


Hind  tunnel  test  data  accuracy  re<|uIraBents  for  transport  aircraft  are  derived.  Airline  performnee 
guarantees,  aode!  and  tunnel  test  techniques  available  and  the  quality  of  prediction  methods  used  form 
the  concept  for  trind  tunnel  test  prograaws  and  set  accuracy  requirements  for  test  data.  The  paper  de¬ 
scribes  procedures  we  followed  In  high  speed  cruise  and  low  speed  take-off  and  landing.  The  accuracy  of 
wind  tunnel  tests  Is  limited  by  several  parameters,  the  most  Important  being  flow  quality,  model  and  model 
suspension  quality  and  balance  accuracy.  Problems  which  occured  during  our  tests  with  small  models  In  the 
transonic  r^lme  led  us  to  new  test  concepts  presented  In  the  present  paper;  The  use  of  large  models  on 
a  specific  suspension  with  a  range-limited  balance  and  the  Improvement  of  small  model  test  techniques  In 
connection  with  the  requirements  for  measurements  In  cryogenic  facilities. 

Low  speed  tests  are  ambitious  and  extensive  due  to  the  maiyy  configurations  at  take-off  and  landing. 
Furthermore,  the  work  Is  complicated  by  the  many  details  like  closing  plates  and  shutters,  which  can  have 
a  strong  effects  on  the  performance  data.  Some  examples  are  presented  In  the  report. 


1 .  INTRODUCTION 

The  development  of  transport  aircraft  sets  specific  requirements  for  wind  tunnels  and  therefore  the 
design  of  such  facilities  must  take  Into  consideration  fairly  different  test  scenarios  compared  to  those 
of  fighter  aircraft  and  missiles.  Some  differences  regarding  magnitude  and  variety  of  test  requirements 
which  users  have  for  new  wind  tunnels  are  presented  In  FIG.  I.  It  contains  an  outline  from  test  scenarios 
of  a  modern  future  transonic  facility,  the  European  Transonic  Wind  Tunnel  (ETV).  its  design  began  with 
dispute  about  site  and  shape  of  the  test  section:  For  tests  of  fighter  aircraft  models  a  large  ranM  of 
Incidence  Is  essential  to  measure  extreme  flight  manoeuvres.  Furthermore,  as  wing  span  Is  relatively  small 
there  Is  a  demand  for  quadratic  test  sections  or  a  vertical  rectangle  respectively.  Transport  airplanes, 
on  the  other  hand,  with  large  span  wings  are  tested  In  a  smaller  range  of  Incidence  at  cruise  conditions 
and  hence  horizontal -rectangle  test  sections  are  required  for  model  scale  as  large  as  possible  to  provide 
high  Reynolds  number  measurements. 

Typical  differences  between  test  programnes  of  transport  and  fighter  aircraft  can  be  specified. 

Transport  Airplanes;  Very  precise  aerodynamic  data  of  few  aircraft  configurations  In  a  limited  range 
of  Mach  number,  angle  of  attack  and  sideslip. 

Fighter  Aircraft:  Less  precise  data  but  for  many  configurations  In  a  large  range  of  M,  d.  and  8.  Hence 
the  main  components  of  the  test  facility  like  model  suspension  and  balance  have  to  be  designed  for  the 
specific  test  scenarios,  I.e.  for  fighter  aircraft  to  account  for  high  flexibility  with  respect  to  model 
position  In  the  tunnel  and  test  range,  for  transport  airplanes  to  design  for  limited  positions  and  test 
range  but  higher  data  accuracy. 

In  a  stiff  competition  of  aircraft  manufacturers  the  degree  of  test  accuracy  necessary  for  transports 
it  dictated  by  Increasing  requirements  of  the  airlines  for  performance  guarantees.  There  Is  a  demand  for 
continuously  Improved  aircraft  performance  standard  connected  with  more  and  more  closer  tolerance  limits 
for  the  guarantees.  Regarding  aerodynamics  this  process  leads  to  a  more  and  more  advanced  design  of  the 
wing,  which  doarinates  the  performance  level  of  the  total  transport  aircraft.  As  performance  prediction 
based  on  theory  and  experiment  today  can  be  done  only  with  limited  accuracy.  Improvements  are  needed  to 
lower  the  development  risk. 

On  the  theoretical  side  rapid  computer  development  Is  partially  promoted  by  aerodynamic  requirements 
I.e.  solving  Navler-Stokes  equations  In  complex  3  D  flow  around  aircraft  shapes,  but  purely  theoretical 
methods  fall  to  supply  preuiuLior  accuracy  ’•equired.  The  wind  tunnel  delivers  the  most  accurate  simu¬ 
lation  of  the  flow  field  around  an  airliner  and  It  Is  In  the  wind  tunnel  where  the  data  basis  for  per¬ 
formance  guarantee  evaluation  Is  produced.  The  main  uncertainty  for  this  task  at  present  Is  the  Reynolds 
number  gap  between  wind  tunnel  and  flight,  this  gap  Is  being  fairly  closed  by  the  cryogenic  facilities. 
However,  It  Is  not  to  be  expected  that  the  pure  occurance  of  this  new  technology  already  delivers 
accurate  full  scale  airplane  performance  data.  Extensive  experience  which  started  with  the  NTF  In  the  USA 
continuing  In  the  ONERA  T  Z  (0.4  x  0.4  mT,  transonic)  and  In  the  GFVLR  KKK  (Z.4  x  Z.4  mt,  low  speed)  In 
Europe  Is  necessary  for  successful  utilization  of  the  high  Reynolds  number  capability  of  cryogenic 
tunnels. 


One  major  problem  Is  the  balance  accuracy  which  In  those  tunnels  Is  connected  with  large  temperature 
differences  acting  on  the  strainguages  of  the  Internal  balance  components.  Another  problem  Is  the  magni¬ 
tude  and  variety  of  requirements  due  to  different  projects  and  testprograamms.  The  experience  In  the  Air¬ 
bus  Programmes  led  us  to  a  model  and  test  concept  which  Includes  the  use  of  several  European  wind  tunnels 
In  a  coordinated  task.  In  the  transonic  regime  these  are:  ARA  Bedford  (Z.74  x  Z.4  m2)  and  NLR-HST 


■  •  ;•  V.--  -1  -'ll  ' 


(2.0  X  1,6  a^)  for  Reynolds  nuabers  refcred  to  IMC  betHeen  2.5  and  3.5  ailHons  and  ONERA  SI  tW  (8  m  d1a- 
aeter)  for  Reynolds  nuabers  betaeen  5  and  8  allllons. 

Regarding  future  transonic  facilities,  cryogenic  or  others,  the  present  experience  with  the  tunnels 
Is  a  basis  for  tunnel  design.  Moreover,  a  preview  of  future  aircraft  technology  as  well  as  model  and  test 
techniques  Is  needed  for  successful!  operation  of  new  wind  tunnels.  This  demands  close  cooperation  of 
users  and  tunnel  operators  as  will  be  discussed  In  the  present  paper. 

In  the  low  speed  regime  Ctimx  for  landing  and  for  take-off  are  the  Important  performance  data, 
and  for  twin  engine  aircraft  second  segment  cllnb  performance  dominates  the  weight  an  airliner  can  11ft 
from  ground.  High  data  accuracy  Is  needed  here,  too,  for  performance  guarantees  and  predictions  as  will 
be  presented  In  chapter  3.  One  major  problem  occurs  from  the  complexity  of  low  speed  models  due  to  the 
many  movable  parts  In  different  geometrical  positions  and  from  our  experience,  even  small  details  like 
closing  plates  or  shutters  of  slots  and  gaps  can  have  a  strong  effect  on  aircraft  performance  data. 

In  low  speed  as  In  high  speed  the  required  test  accuracy  influences  the  main  components  of  the  facil¬ 
ity  like  stings  and  balances  to  be  designed  and  available  for  efficient  tunnel  operation.  The  use  of  suit¬ 
able  components  like  the  right  suspension  and  balance  shortens  the  wind  tunnel  programme  and  saves 
time  and  money. 


2.  HIND  TUNNEL  TESTS  IN  THE  TRANSONIC  RESIME 

2.1  Present  status  of  testing  commercial  A/C -configurations 

Aircraft  development  In  wind  tunnels  is  generally  focussed  on  two  project  tasks; 

e  New  aircraft  design  which  for  a  family  like  Airbus  normally  concentrates  on  a  new  wing  design 
e  Improvement  of  existing  aircraft  with  respect  to  aerodynamic  performance. 

8oth  Include  two  targets  to  be  followed  by  aerodynamicists;  Configuration  improvement  for  best  air¬ 
craft  layout,  which  needs  several  steps  of  optimization  and  validation  of  aerodynamic  data  to  determine 
the  aircraft  performance  figures,  mainly  L/q  and  buffet  onset. 

For  the  first  project  task  "New  A/C  Design*  we  use  different  methods  to  reach  performance  predictions 

as  accurate  as  possible  for  the  aircraft: 

e  A  "Direct  Scaling  Method"  based  purely  on  wind  tunnel  tests  with  models  of  the  new  design. 

e  A  "Reference  Method"  based  on  mcdel  tests  of  the  new  design  and  model  tests  of  the  "Reference  Aircraft" 
(e.g.  A  300  as  reference  for  A  310  development)  with  the  additional  knowledge  of  the  reference  airpla¬ 
nes  flight  test  data. 

Roth  methods  together  form  the  basis  to  predict  aircraft  performance  as  accurate  as  possible  setting 

requirements  for  the  accuracy  of  wind  tunnel  test  results  to  be  achieved.  If  we  take  Into  account  the 

limits  in  data  evaluation  of  the  procedure,  a  repeatability  better  than  0.5  X  of  airplane  cruise  drag  must 
be  reached  In  the  wind  tunnel.  This  requirement  stands  for  short  term  repeatability  including  operations 
like  model  dismounting  and  mounting  again  and  for  airplanes  like  Airbus  means  that  the  wind  tunnel  test 
data  must  fall  inside  a  data  band  of  1  to  1.5  drag  counts.  For  a  complete  aircraft  test  prograime.  In  ge¬ 
neral  extending  over  3  to  4  years,  the  long  term  repeatability  for  reference  tests  In  one  tunnel  with  mo¬ 
del  disassembled  and  assembled  again,  should  be  In  a  band  of  2  to  3  drag  counts. 

In  the  second  project  task  "Aircraft  Iiqirovement*  the  design  optimization  is  tested  by  model  changes 
against  the  reference  model.  As  the  geometrical  changes  of  the  model  and  the  corresponding  drag  Improve¬ 
ments  normally  are  small,  short  term  repeatability  should  be  In  the  range  of  1  drag  count  and  the  balance 
must  allow  sufficient  resolution  inside  this  repeatability  range.  Moreover,  Reynolds  numbers  as  high  as 
possible  and  strong  requirements  for  model  geometry  precision  are  essential.  This  leads  to  a  preference 
of  large  models. 

Our  experience  Is  that  In  an  airplane  family  programme  even  like  Airbus  with  many  new  members  pro¬ 
duct  Inqirovements  cover  a  large  part  of  the  wind  tunnel  work  and,  as  those  tests  set  strongest  require¬ 
ments  for  repeatability  of  test  results  In  the  tunnel,  they  will  be  described  In  the  next  chapters. 

One  task  was  the  modification  of  the  A  300  trailing  edge,  sketched  In  FIG.  2.  The  Inboard  part  of 
the  wing  behind  the  rear  spar  was  affected  Including  the  allspeed  aileron.  Rear  camber  of  the  model  was 
Increased  by  deflecting  the  flap  by  3*  and  the  tap  against  the  flap  by  further  2".  The  aileron  was  de¬ 
flected  Into  mid  position  between  Inboard  and  outboard  wing  area  to  smoothen  the  surface.  The  effect  of 
these  changes  on  lift  and  drag  curves  Is  given  in  FIG.  3  and  resulting  buffet  boundary  as  well  as  L^i-lm- 
provements  are  shown  In  FIG.  4.  The  modifications  were  Introduced  Into  A  300-600  and  the  performance  gains 
were  demonstrated  during  flight  tests  together  with  some  other  Improvements  resulting  In  10  X  more  passen¬ 
gers  and  15  1  more  range  of  the  A  300-600  coaqiared  to  the  A  300. 

For  a  more  recent  design  the  task  was  again  to  Investigate  the  effect  of  t.e.  modifications  on  per¬ 
formance  data,  and  FIG.  5  shows  sketches  of  the  outboard  wing  model  change.  The  most  Interesting  effect 
on  drag  Is  presented  In  FIG.  6,  once  more  a  promising  result.  However,  the  very  small  geometrical  change 
-  on  the  model  of  1.2  m  span  the  deviation  of  the  trailing  edge  was  0.8  mm  -  made  a  precise  aerodynamic 
result  questionable  and  Indeed  repeatability  tests  showed  large  scatter.  FIG.  7  contains  the  results 
and  a  description  of  test  repeating  prKedure.  No  conclusion  can  be  drawn  about  the  efficiency  idien  out¬ 
board  flap  caater  Is  Increased.  It  Is  well  known  that  the  NLR-HST  gives  good  repeatability,  but  the  large 
scatter  of  data  forced  us  to  look  for  laproved  procedures  for  such  verification  tests.  We  went  Into  two 
directions; 


-  Use  of  a  bl9  indcl  with  a  special  suspension  In  the  ONERA  SI  tW 
•  li^roveMwt  of  saall  aodcl  test  technique  In  the  NLR-HST. 


The  latter  task  was  laiportant  to  provide  aodel  test  techniques  for  the  crjrogenic  facilities  KKK 
(Kryo  Kanal  Xfiln)  and  ETU  (European  Transonic  Hind  Tunnel),  where  nodels  of  similar  ssmI)  size  will  be 
tested  which  need  even  higher  accuracy  coaqiared  to  nodels  In  conventional  tunnels. 

2.2  Lavqe  node!  tests  In  the  transonic  repine 

After  the  experience  with  snail  node!  neasuranents  we  had  to  change  and  Improve  the  test  concept, 
and  this  we  did  using 

-  high  Reynolds  number  testing  In  the  wind  tunnel  to  eliminate  misleading  flow  effects  as  far  as  possible 

-  a  large  and  very  precise  model  which  allows  the  realization  of  small  configuration  changes  with  high 
accuracy 

-  a  precise  balance  with  design  load  ranges  harmonized  with  the  Important  cruise  test  conditions 

-  a  novel  suspension  system  with  minima  Interference  effects. 

A  visual  Impression  of  the  resulting  test  arrangement  Is  shown  In  FIG.  8,  a  big  model  In  the  wind 
tunnel  ONERA  S1  MA  using  a  ‘false*  fin  as  part  of  the  rear  sting  mounting.  FIG.  9  gives  the  major  changes 
comparing  the  small  model  with  the  large  model  tests.  The  large  model  was  carefully  designed  for  long  term 
accuracy  with  model  dismounting  and  mounting  again  and  was  manufactured  with  high  precision.  Due  to  the 
large  model  scale  special  modification  like  the  trailing  edge  droop  could  be  manufactured  very  precisely 
and  disturbances  from  the  suspension  -  especially  on  the  lower  rear  fuselage  -  were  nearly  eliminated. 

This  area  should  be  clean  for  correct  tests  of  fuselage/tall  Interference.  But  also  drag  measurements  of 
wing/fuselaga  configurations  can  be  strongly  effected  by  sting  mounting  as  the  rear  part  with  Its  upsweep 
considerably  contributes  to  the  total  drag.  Of  course,  with  the  new  model  mounting,  the  test  range  was 
limited  to  zero  or  very  small  yaw  angles  and  to  lift  conditions  up  to  buffet  onset  only.  The  balance  was 
adapted  to  this  limited  test  range.  Despite  the  low  natural  frequency  of  this  model/sting  arrangement  of 
about  1  Hz  the  model  behaviour  was  stable  In  the  entire  transonic  test  range.  FIG.  10  presents  the  high 
quality  of  the  test  results.  The  repeatability  was  within  1  drag  count  Including  reference  tests  after 
one  year.  The  model  was  tested  In  1984,  dismounted  and  mounted  again  1n  1985  for  a  second  test  campaign. 
The  trailing  edge  modification  was  tested  two  times  without  showing  scatter  of  the  test  data  and  the  re¬ 
sults  plotted  In  FIG.  7  for  comparison  demonstrated  that  this  t.e.  modification  did  not  Improve  L/o  at 
cruise  conditions. 

The  example  shows  that  user  and  operator  of  wind  tunnels  should  work  closely  together  to  achieve 
better  accuracy  from  specific  tests.  In  our  case  main  steps  of  the  cooperation  were; 

a  Definition  of  Accuracy  Requirements  and  Test  Prograiwne  -  MBB  Activity 

This  was  based  on  guarantees  required  for  the  customers,  experience  about  accuracy  achievable  with  the 
test  arrangement  and  failures  connected  with  the  method  to  predict  aircraft  drag  from  wind  tunnel  measu¬ 
rements. 

e  Model  Design  and  Manufacture  -  WB  Activity 

Methods  for  design  and  manufacture  of  the  models  were  developed  to  guarantee  for  accurate  repeated  tests 
even  after  disassembly  and  reassembly  of  model  parts.  Accuracy  control  was  performed  on  NC  milling 
machines. 

e  Model  Suspension  Design  and  Manufacture  -  ONERA/NBB  Joint  Activity 

A  special  suspension  with  low  aerodynamic  Interference  was  designed  and  manufactured.  The  new  concept 
required  limitations  In  normal  force  and  pitching  moment  to  values  up  to  buffet  onset.  Very  small  side 
forces  were  allowed. 

0  Balance  Design  and  Manufacture  -  ONERA  Activity 

The  balance  was  adapted  to  the  limited  test  range  which  resulted  In  high  sensitivity  and  accuracy  In 
the  cruise  range 

e  Hind  Tunnel  Quality  and  Data  Acquisition  -  ONERA  Activity 

Considerable  Improvements  of  flow  quality  and  tunnel  corrections  were  achieved  In  the  SI  MA  tunnel  and 
a  highly  efficient  data  acquisition  and  data  management  system  was  Introduced. 

The  successful  cooperation  encouraged  us  to  transfer  the  proven  techniques  to  wind  tunnels  of  smaller 
test  section. 


2.3  Small  model  tests  In  the  transonic  regime 

It  Is  Important  to  Improve  test  accuracy  In  this  field  to  reach  more  flexibility  In  wind  tunnel  pro- 
grmmaes  In  existing  tunnels  and  to  gain  eiqMrIence  for  the  cryogenic  facilities.  Therefore  we  Initiated 
a  combined  action:  laqirove  small  scale  model  transonic  testing  In  the  NLR-HST  and  prepare  tests  In  the 
KKK  cryogenic  low  speed  tunnel. 

The  Model 

Harking  successfully  now  In  his  basic  functions  the  KKK  In  Cologne  after  calibration  tests  are  fin¬ 
ished  will  be  ready  for  transport  aircraft  measurements.  He  are  preparing  an  Airbus  A  310  model  to  be 
tested  there  In  im.  The  size  of  the  test  section  (2.4  x  2.4  mi)  limits  the  span  of  the  model  to  1.5  m. 
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The  s«M  aodel  can  be  used  later  for  the  EIV.  The  NLR-HST  alloes  only  wdels  up  to  1.3  m  span.  This 
corresponds  to  an  Airbus  oudel  scale  of  about  1  :  30  for  the  cryogenic  tunnels  and  1  :  35  for  the  NLR-HST. 
The  experience  described  under  2.1  ms  that  for  this  site  the  present  nodel  accuracy  ms  not  sufficient 
and  for  cryogenic  nodels  the  requirenents  Bust  be  raised  even  nore.  FIG.  11  shows  the  actual  status  of 
■odel  accuracy  produced  on  HC  nachlnes  and  refInIshed  If  necessary.  The  accuracy  control  Is  done  on  Zeiss 
as  well  as  on  MB  SKasurlng  nachlnes.  This  standard  m  ale  to  Inprove  by  a  factor  of  5  for  surface  rough¬ 
ness  and  by  2  for  accuracy.  A  further  prerequisite  for  precise  testing  Is  a  suitable  nodel  design  using 
the  optiflun  naterlal.  For  accurate  drag  neasurenents  m  have  to  nanufacture  a  one  piece  model  wing  without 
pressure  holes.  The  naterlal  for  the  cryogenic  nodel  will  be  naraging  steel  DIN  UL  1.6359  comparable  to 
US  naraging  steel  18  N1  250.  Provisions  have  to  be  node  to  control  the  actual  shape  of  the  model  wing 
under  loads  and  another  Improvement  Is  the  application  of  adaptive  Mils  which  allow  larger  models  as  well 
as  more  accurate  flow  field  simulation.  Both  techniques  are  being  provided  by  the  NLR  and  the  DFVLR. 

Model  Support 

For  more  accurate  drag  neasurenents  we  have  to  learn  fron  the  experience  made  during  the  ONERA  tests 
described  under  chapter  2.2.  The  NLR  has  designed  and  NBB  manufactured  the  new  suspension  and  tests  with 
an  MB  nodel  are  running  and  will  be  finished  within  this  year.  FIG.  12  shows  the  model /support  arrange¬ 
ment  using  a  “false"  fin  like  the  suspension  In  ONERA  SI  MA.  This  type  of  sting  designed  In  connection 
with  special  materials  has  the  real  fin  root  section  profile  and  size  but  the  taper  Is  adverse  compared 
to  the  actual  aircraft  fin.  We  assume  It  can  be  advantageous  also  In  cryogenic  wind  tunnels.  Of  course, 
tests  with  yaw  angles  and  In  the  regime  of  flow  separation  I.e.  buffet  measurements  have  to  be  made  with 
a  different  suspension. 

Balance 

As  In  the  ONERA  $1  the  balance  In  the  NLR-HST  was  adapted  for  aircraft  cruise  range  load  conditions 
and,  furthermore,  ms  limited  due  to  the  suspension  allowing  only  very  small  side  slip  angles  of  the  mo¬ 
del.  In  cryogenic  facilities  the  balance  must  fulfill  the  most  challenging  requirements  and  therefore  a 
strong  limitation  of  the  test  range  can  be  extremly  helpful.  MB  Transport  Division  and  the  Technical  Uni¬ 
versity  of  Oamstadt  are  working  on  a  cryogenic  balance  for  the  ETH  under  government  contract  and  It  Is 

Intend  to  test  the  balance  In  the  KXK  during  the  MBS  test  campaign  In  autumn  198B.  An  extensWe  descrip¬ 
tion  of  the  work  done  so  far  on  the  balance  Is  presented  In  Reference  [1]  ,  [2l  . 
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3.  WIND  TUNNEL  TESTS  IN  THE  LOW  SPEED  REGIME 

3.1  Requirements  for  accuracy  of  test  data  at  take-off  and  landing 

in  low  speed  Ccmox  landing  and  L/q  for  take-off  ere  the  dominant  performance  parameters.  They  have 
to  be  designed  and  evaluated  precisely  and  high  data  accuracy  Is  needed  to  validate  and  fulfill  the  per¬ 
formance  targets  like  for  take-off  and  landing  field  length. 

One  accuracy  problem  occurs  from  the  complex  low  speed  models  with  many  movable  parts  In  several  geo¬ 
metrical  positions,  and  although  during  aircraft  development  much  emphasis  Is  put  on  the  high  speed 
design,  the  low  speed  work  like  wing  movable  parts  layout  Including  engine  interference  effects  Is  very 
ambitious  and  laborious. 

The  measure  for  test  accuracy  In  high  speed  was  the  order  of  1  drag  count,  as  for  planes  like  Airbus 
2.5  to  3  counts  correspond  to  1  percent  of  aircraft  drag.  In  low  speed  10  to  20  counts  correspond  to  1 
percent  of  drag  at  take-off  depending  on  flap  extentlon  and  take-off  speed.  As  1  t  drag  Is  equivalent  to 
1  *  take-off  field  length  respectively  0.5  *  weight  -  In  the  case  of  A  310  corresponding  to  7  passengers  - 
the  aerodynamic  data  In  wind  tunnels  must  be  tested  In  a  tolerance  range  of  the  order  of  5  drag  counts. 
Concerning  repeatability  this  target  Is  high  because  of  the  many  wing  shapes,  well  defined  and  repre¬ 
senting  different  positions  of  movable  surfaces,  the  effect  of  small  fitting  and  closing  parts  on  aerody¬ 
namic  performance  data  Is  rather  strong,  generally  for  both,  drag  at  take-off  and  lift  at  landing. 
Regarding  the  accuracy  for  C|,,nox  ^tsts  1  t  Is  the  order  of  C(.  D.03  and  expressed  In  aircraft  landing 

performance  values  corresponds  to  about  0.5  X  approach  speed,  which  In  case  of  Airbus  Is  about  0.7  kts. 
Assuming  that  1  to  2  kts  difference  In  approach  speed  are  less  Important  deviations  we  have  to  make  sure 
that  prediction  of  Ccnnx  Beta  are  correct  Inside  a  tolerance  range  of  about  i  1.5  t.  With  the  help  of  mo¬ 
dern  facilities  like  DNW,  ONERA  FI,  RAE  5  m  and  Emmen  Tunnel  In  Switzerland  this  target  Is  not  critical 
but  the  Influence  of  small  model  details  must  be  considered  as  described  In  the  following  chapter. 

3.2  Effect  of  A/C  component  details  on  performance 

During  low  speed  wing  development  much  work  Is  being  done  to  carefully  design  the  flap  and  slat  con¬ 
tours  and  all  the  gaps  and  slots,  but  when  the  wind  tunnel  model  Is  manufactured  some  "minor  details"  are 
simplified  or  sometimes  even  forgotten. 

FIG.  13  shows  details  around  a  slat  track  at  the  wing  leading  edge.  A  cut  out  was  closed  above  all 
the  tMive  tracks  for  one  test  and  for  another  one  only  the  four  tracks  of  the  Inboard  slat  Mre 
shuttered.  The  loss  In  Ci^nnx^  ®  It  'rtth  0.03  not  penalizing,  hoMver,  the  Increase  In  drag  on  the  next 
FIG.  14  of  about  20  counts  at  take-off  conditions  Is  not  acceptable.  On  the  next  FIG.  15  the  landing  data 
are  presented  with  considerable  changes  In  nixlnum  lift  -  a  loss  of  A  Cl  ■  0.27  was  measured  -  and  corres¬ 
ponding  changes  In  pitching  moment.  The  reduction  of  nearly  10  X  In  CLmox  I'et  several  Impacts  on  the 
design  work.  At  first  the  sensitive  area  has  to  be  optimized,  which  generally  Is  a  laborious  task  between 
the  aerodynamic  and  the  structural  design.  Furthermore,  during  the  aerodynamic  design  process  the  shutters 
must  be  defined  extremely  accurate  to  assure  high  repeatability  from  one  model  test  to  another  as  well 
as  from  test  with  different  nodels.  This  Is  also  iMortant  for  cooperating  work  among  partners  In  a  shared 
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Hind  tunnel  prograne,  where  aodels  with  different  tasks  eust  deliver  equal  aerodynamic  data  for  the  same 
geometry  specified.  Often  the  discrepancy  of  test  results  with  models  of  same  specific  geometry  finds  its 
reason  In  such  details  not  being  designed  or  attached  carefully  enough. 

The  effect  of  another  detail  Is  shown  In  FIG.  16  the  area  of  slat/pylon  Interaction.  The  gap  between 
Inboard  slat  and  pylon  -  I  m  In  model  scale  -  was  tested  sealed  and  unsealed.  The  loss  In  maximum  lift 

was  small  with  Ci -  0.02,  but  again  the  drag  Increment  with  25  counts,  which  Is  equivalent  to  2  t 

of  aircraft  drag  at  take-off,  was  unexpected  high  without  sealing.  The  gap  had  to  be  on  the  aircraft  and 
regarding  the  aerodynamic  design  and  wind  tunnel  work  we  can  conclude  as  In  the  example  before:  The  models 
must  be  really  comparable  In  the  detail  slat/pylon  gap  sealing. 

A  further  experience  can  be  taken  from  tests  with  kriiger  leading  edge  devices,  which  replaced  the 
slat  at  the  Inboard  portion  of  the  wing  between  pylon  and  fuselage.  The  sketch  In  FIG.  17  shows  the  small 
difference  In  KrlJger  flap  connection  to  the  clean  wing  leading  e^e  resulting  In  a  discrepancy  of  maximum 
lift  of ACl  •  0.03,  which  Is  1  t  of  A/C  maxlmus  lift. 

The  last  example  Is  taken  from  experimental  data  we  produced  during  trailing  edge  flap  design,  and 
Clrxu  depending  on  flap  position  Is  presented  In  FIG.  18.  Parameters  were  the  gap  between  fixed  wing 
trailing  edge  and  flap  and  the  overlap.  Best  Clitvix  was  found  for  negative  overlap  showing  the  flap  In  a 

position  behind  the  shroud,  and.  as  more  the  flap  Is  shifted  forward  as  lower  drops  the  CLmax  On  the 

other  hand  the  higher  CLmcu  Is  much  stronger  depending  on  the  gap  size  between  shroud  and  flap.  In  the 
case  tested  and  shown  here  the  reduction  Is  8  t  Ctmax  between  2  X  and  2.5  I  gap.  For  positive  overlap  of 
*  1  t  the  reduction  Is  shifted  to  values  between  3  X  and  3.5  X  gap  and  counts  for  3  X.  We  must  consider 
that  the  flap  on  the  aircraft  Is  deformed  under  loads  and  even  careful  estimates  of  the  real  aircraft  flap 
position  with  respect  to  gaps  and  overlaps  results  In  tolerance  range  of  the  order  of  1  X.  Hence,  a  start¬ 
ing  point  for  design  might  be  a  gap  of  2  X  with  0.5  X  to  1  X  overlap. 

The  complete  low  speed  wing  design  Is  as  the  examples  above  show,  a  labourlous  work  where  the  funda¬ 
mental  part  Is  the  layout  of  the  flaps  and  slats.  Designing  an  efficient  aircraft  flap  system  Is  an 
ambitious  task  with  respect  to  theoretical  methods  being  used  and  wind  tunnel  test  programmes  to  be  con¬ 
ducted.  The  aerodynamic  team  must  do  a  creative  design  and  seriously  prove  and  confirm  It  1n  the  wind 
tunnel.  Furthermore,  the  team  has  to  establish  prediction  methods  to  estimate  the  aircraft  performance 
with  a  high  degree  of  confidence.  Both,  the  creative  and  efficient  design  of  the  aircraft  components  and 
a  serious  and  precise  prediction  of  their  performance  1s  of  equal  Importance.  Performance  prediction  in 
low  speed  looks  difficult  due  to  the  complex  configurations  and  due  to  strong  effects  of  component  de¬ 
tails,  as  described  above.  Nevertheless,  the  methods  we  use  (Reference  [3J  )  -  established  during  Airbus 
A  300,  A  310,  A  320  development  and  flight  tests  -  allow  predictions  of  high  accuracy.  One  example  for 
the  A  310  Is  shown  In  FIG.  19.  The  L/q  flight  test  results  at  take-off  and  landing  are  compared  with  drag 
estimates  based  on  ONW  and  RAF  5  m  wind  tunnel  measurements  scaled  for  symmetrical  drag  with  our  method. 
The  prediction  was  good  for  take-off  and  landing  as  well  with  the  RAF  results  coming  Into  a  scatter  band 
of  t  1  X  of  aircraft  compared  with  the  flight  test  results.  The  DNW  results  were  generally  more  pessimis¬ 
tic  for  prediction  of  take-off  performance. 
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1 .  IVTSODOCTIOir 

Aaroalaatlelaiia  ar«  quallcaca  ^ua  oceuplad  In  aarodynandea  and  unataady  aerodynanlca  In  particular. 
Conaaquantly  tba  accuracy  In  unataa^  vindtusnnl  taatln%  abould  ba  a  nattar  of  concam  to  tbon.  Tbia  la 
tha  incanclva  for  tba  praaanc  paper* 

Tha  concam  hotwvar  la  laaa  avldant  to  aarodynanlciata  vho  occupy  thanaalaaa  with  ataady  flou  problaaa* 
without  an  a^lanatlon  of  bow  tha  aaroalaatlclana  naka  uaa  of  thalr  aarodynanlca*  Tha  subject  of  this 
p^ar  la  tharafore  twofold:  first  tha  accuracy  required  for  aaroalaatlc  appllcatlona  concamlng  full~aeala 
aircraft  will  be  dlacuaaad*  after  which  tha  accuracy  in  currant  unsteady  windtunnel  testing  la  considered. 

2.  AESODTNAMICS  IN  AEROELASTIC  PROBLEMS 

2.1  Survey  of  aaroalaatlc  problana 

Tha  aarodynanlca  needed  by  the  aaroalaatlclana  la  usually  divided  into  the  categories  of  steady  and 
unsteady  aarodynanlca.  Tha  firmt  category  eoneama  the  ataady-atata  deflections  of  aircraft  structures  and 
is  Involved  In  problana  Ilka: 

*  lifting  surface  divergence 

*  control  surface  effectiveness, 

while  the  second  category  concerns  oscillatory  and  non>‘osclllatory  notions  of  the  conplete  aircraft  or 
parts  of  it,  and  plays  a  role  in  problens  like: 

*  Aircraft  stability 

*  Ploi^-laducad  oaclllatlona  (flutter,  vortex  excitation,  etc.) 

*  buffeting 

*  gust  encounters 

*  nott-unlfom  inflow  of  rotors  (helicopters,  propellers) 

*  Rapid  deflections  of  control  surfaces  and  spoilers. 

The  category  of  unsteady  aarodynanics  is  the  Issue  here  and  In  the  following  all  attention  will  be  dir- 
ected  to  it. 

Conaldariog  nodem  coaputer  nethode  to  slaulate  the  flow  about  Che  novlng  aircraft  structure,  liqtreselve 
progress  has  been  and  is  being  aade  In  predicting  unsteady  pressures  end  ssrodynsnle  forces.  Nsverthslsss, 
consensus  of  opinion  exists  that  unataady  windtunnel  tasting  renalna  necessary  for  quits  sowa  tlM,  if  not 
for  all  tlM.  This  tasting  Is  nasdsd  to  laprova  the  knowledge  of  the  flow  nechenlsn,  to  develop  end  veli« 
dete  cowputetlonal  end  enplrlcal  aetbods,  or  slaply  to  obtain  experlaental  date  for  aircraft  config¬ 
urations  and  flow  conditions  which  ere  too  coaplleated  to  be  slauleted  by  coaputetlonel  nechods  with  suf¬ 
ficient  accuracy. 

2.2  How  do  unsteady  aerodynealce  appear  In  eeroelaetlc  probleaa? 

Ihe  Interest  of  ths  asroslastlcisn  la  directed  aalnly  to  tbe  response  of  the  aircraft  structure  to 
control  surface  deflections,  gust  encounters,  ate.  The  question  than  la  alaoat  iovarlably  what  level  of 
accelerations  end  dyneaic  loads  In  the  vibrating  aircraft  structure  will  be  attained,  end  whether  this 
level  will  increase  possibly  due  to  e  decreasing  ateblllty  of  the  vibrations  at  higher  flight  speeds. 

How  the  unsteady  acrodynaalca  com  into  the  picture  la  explained  hare  briefly  by  considering  tba  equations 
of  notion  which  describe  in  e  general  aenaa  the  aeroelastlc  phegowgna  nentioned  before.  The  notion  f(ii,t) 
le  usually  wrltten^ea  the  euanatlon  of  natural  vibration  nodes  *.(x>  of  the  aircraft  etrueture,  eynbollsed 
by:  r(x,t)  *  £  v^(x)q^(t).  In  which  q^(t)  is  a  generalised  coordinate  Indicating  tha  contrlbutlim  of  the 

1-th  vibration  node  to  the  reeponee.  This  proesdure  enablts  ths  fomulstlon  of  sn  equation  of  notion  for 
sech  vibration  node,  which  reflects  the  Interaction  of  structural  and  asrodynanic  forces  Involved  In  that 
node.  For  the  present  discussion  ell  equetlone  of  notion  ere  conblned  In  one  netrlx  equation: 

m  +  C4  +  Kq  +  A"(q)  -  -  A°(t) 

In  which: 

M  •  laertlsl  matrix 
C  ■  damping  matrix 
atlffnaaa  matrix 

A_  ■  notion-dependent  aerodynamic  Mtrlx 
A^  ■  notion-independent  eerodynmic  matrix 

Tha  equations  of  notion  are  usually  darlvad  by  applying  sons  energy  consldcmtlon,  ijfc*  Hanilton'a  princi¬ 
ple  or  Langranga'a  aquation.  This  iapliaa  that  each  alanant  by  tha  matrix  A^,  e.g.  A^..,  rapraaants  tha 
work  parfomed  by  tha  eerodjrnanle  lo^  distribution  ganerated  by  vibration  nods  j,  p^.,  by  e 

dlaplacansst  In  tha  direction  of  vibration  node  1,  both  nodes  nomalltad  to  unit  aplltuda:^ 

In  which  n  la  tha  unit  normal  of  tbe  aircraft  surface. 
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The  «I«a«nts  A^.  arc  dafliwA  in  tha  mam»  way: 

A®  -  /  p*^  ,  t  dS. 

8 

Tha  azplanatlon  of  Chaaa  ao^callad  ganarallaad  aerodsmanic  foreaa  laada  Co  sone  ganaral  concluaiona  on 
Chair  accuracy.  Bafnranea  la  mada  co  Fig.  1  whara  it  la  ahown  aa  an  cxaapla  how  cha  ganaraliaad 
aarodjnaalc  forca  A  . .  for  a  awapc  wing  in  aubaonlc  flow  raaulca  froa  a  banding-cypa  vlbracion  node  i  and 
a  toraion-cypa  aoda  ^  Firat:  ic  la  claar  that  Cha  aajor  eontributlona  Co  A^..  originata  froa  choaa  parca 
of  tha  wing  whara  both  cha  aarodynaaic  loada  and  tha  wing  daflactiona  ara  laH«>  Thla  aakaa  a.g.  cha  oucar 
part  of  tha  wing  to  a  aanaiciva  araa  in  aoat  aaroalaatic  problaaa.  Sacond:  aa  drag  foreaa  and  atraaawiaa 
wing  daflactiona  ara  ralatiwaly  aaall*  Chair  contribution  is  oftan  naglaccad*  which  clarifiaa  tha  ralatlve 
ladlffaranca  of  aaroalaaticiana  to  drag  foreaa 1 

2.3  Kapraaantation  of  unataadlnaaa 

In  cha  prawloua  aacclon  it  waa  dlacuaaad  that  cha  praaaura  dlatrlbutlona  p'^.Cc)  and  p^(c)  dapand  on 
tlMf  which  waana  that  Chay  ara  infloanead  by  tha  unacaadlnaaa  of  tha  aircraft  aDClon  and  tha  fraa-'acraan 
flow  woclonai  raapaccivaly.  Coaaidaring  aircraft  notiona  a.g.  thia  unataadlnaaa  nay  ranga  fron  low  fra* 
quaneiaa»  aaaociatad  with  aircraft  atabllity  and  controllability »  to  nodarata  and  high  fraquanciaa*  aaao- 
eiatad  with  wing  wlbratlona»  control  aurfaca  oaclllatlona.  ate.  In  unataady  wlndtunnal  taating  tha  on- 
ataadinaaa  la  uaually  introducad  by  forcing  cha  nodal  into  aona  hamonic  oaclllatlon,  a.g.  of  tha  angla  of 
attack: 

0*0  4-  do  coa  wC. 

n 

in  which  o  la  tha  naan  angla  of  attack,  du  tha  vibration  anplltuda  and  u  tha  radial  fraquancy.  The  aaro- 
dynanlc  reaction,  a.g.  cha  praaaura  in  any  point  of  tha  nodal  aurfaca.  nay  be  fomulatad  in  varioua  waya: 

p  •  p^  4-  (p^  coa  uC  -  p^*  ain  wt)  do  4  higher  harnonlca 
*  Ip^I  4  v)  do  4  hi^ar  harnonlca. 

or  in  uaual  conplax  notaclon: 

p  -  +  R.  {(p^  +  lp”>  ia 

The  firat  cam.  p  .  ia  tha  aaroth  order  hamonic  and  tha  aacond  cam  the  firat  order  hamonic.  which  ia 
axplainad  in  Fig. "2.  Slnllar  axpraaaioaa  can  be  given  for  lift  and  nonant  coafflclanta.  ate.  Tha  unataady 
aarodynanlc  paranatar  which  govarna  tha  firat  order  hamonic  la  cha  reduced  fraquancy: 
k  «  ul/U. 

in  idilch  i  la  a  raferanca  length  (a.g.  seni-chord  of  a  typical  wing  aactlon)  and  U  the  fraa-atraan  velo¬ 
city.  The  reduced  frequency  (and  not  tha  fraquancy  w  Itaalf)  la  an  aaaantial  paranatar  which  ahould  be 
conaldarad  in  unataady  wlndtunnal  taating  to  guarantee  a  proper  rapraaentatlon  of  tlna-dapandency.  Tha 
phyaical  relevance  of  thia  paraaMtar  le  typified  by  Fig.  3.  Tha  variacloo  of  bound  vorticlty  at  the  wing 
induced  by  Che  incidence  variatlona  do  are  acconpaniad  by  wave-llke  variations  of  free  vorticlty  in  tha 
wake.  Tha  paranatar  k  ia  proportional  to  tha  ratio  of  aeni-chord  and  wave  length.  i/L»  For  non-^aclllatory 
notions  Che  unaccedlneee  ia  given  (again  in  cha  case  of  angle  of  attack  variations)  by  coid>lnationa  of  o 
and  do/dC. 

2.4  Accuracy  of  full-scale  unsteady  aarodynanlc  forces  in  relation  to  other  forces. 

The  accuracy  of  unsteady  aarodynanlc  forces  pursued  in  cha  prediction  of  full-scale  aeroelastlc  char- 
acterlaclca.  should  be  Cuned  to  the  indended  enploynant  of  these  forces.  If  used  in  full-scale  predic¬ 
tions.  they  should  be  adjusted  to  the  attainable  accuracy  of  inertial,  danplng  and  stiffness  forces  aa 
represented  in  the  previous  natrlx  equation  of  aDtlon.  Sows  ll^t  upon  tha  required  accuracy  wight  be  shed 
by  the  following  table  with  -  it  should  be  granted  -  rather  intuitive  values. 


Force 

Order 

Accuracy 

Remarks 

Wt.Kq 

1 

>  t  0.05 

calculated,  or  measured  in  prototype 

eVT 

0.05 

>  ±  0.01 

not  known  before  prototype  GVT 

A(q) 

0.20 

? 

depending  on  accuracy  of  aerodynamic 
and  vibration  modes 

loads 

The  ouwbara  show  Chat  Che  required  accuracy  of  tha  ganaralised  aarodynanlc  loads  la  largely  dictated  by 
the  aCCalnablc  accuracy  of  inertial  and  atiffnaas  forces,  and  Chat  cha  error  in  aerodynamic  forces  might 
mount  to  1  25  par  cent. 

To  the  steady  aerodynamlclat  this  required  error  estimate  might  look  surprising  large.  He  ahould  realiaa 
however  chat  the  unsteady  aerodynamic  forces  do  not  contribute  to  the  aircraft  performance  characterla- 
tlcSf  but  that  in  many  cases  they  are  needed  for  demonstration  that  certain  limits  (flutter  boundaries, 
load  levels,  etc.)  are  not  exceeded.  If  predicted  values  ara  wall  away  from  these  limits,  tha  allowable 
errors  may  even  be  larger.  If  predictions  point  to  critical  aicuatlons.  other  measures  (modify  mass  and/or 
stiffness  distribution,  add  damping,  etc.)  may  be  preferred  ever  a  more  accurate  detemination  of  the 
aerodynamic  forces 1 

Although  the  accuracy  margin  given  d>ove  looks  very  comfortable  to  live  with  ia  unsteady  windtunnel 
testing,  stem  reality  learns  that  the  margin  can  be  absorbed  vary  easily  by  varioua  almulatioo  related 
inaccurarlea  like  differences  betwem  modal  and  full-scale  effects  concerning  ke3molda  nui^r.  vibration 
modes  and  static  deformation. 

When  Che  aerodynamics  are  needed  for  aircraft  atabllity  and  control  derivatives,  the  situation  ia  somewhat 
different.  The  steady  derivatives  can  be  obtained  from  steady  windtunnel  testa.  Generally  a  rather  high 
accuracy  is  required,  which  can  also  be  provided,  say  t  5  per  cent  error.  The  required  accuracy  of  rate 
derivatives,  however,  ia  influenced  by  the  accuracy  of  the  aircraft  moments  of  inertia,  so  chat  the  error 
in  these  derlvaClvea  night  be  20  per  cent. 
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VltlMWt  cllatlsg  too  Bueh  to  tho  nmtn*  ftlvoa  obov«»  it  U  rtco— ontthU  to  k**p  o  boloncod  070  on  tho 
rooliM^lo  ooeurocioo  4urlaf  oMtoodf  viatftuBMl  tooting. 

3.  ACCDSACIES  U  DMSTIADT  VIKItOnBl.  TmUC 

3.1  lypoo  of  uMtoo^r  viadtuoMl  tooto 

Aa  oscolloitt  ootvoy  of  uaotooAy  wladtuaMl  tooting  todmlquoo  «oo  prooootod  by  Lonboarn*  (Rof.l)> 
fron  olildi  flgviro  4  Imo  boon  tolcM.  four  cotogorloo  of  •xporiaontol  oystono  oro  Indicocod  which  cob  bo 
rolotod  to  tho  following  diroo  dlotlnotlcnot 

o.  fiMmi  wo#  nwliy  wpAoI.  Ao  unotooAy  oorodynonle  input  aoy  coat  fron  ooao  eontrollod  guot  flold  which 
*t  inirmtit^  tno  nnftmlBt  flew*  froa  locol  onotoodinooo  00  la  buffotlng,  or  froa  aodol  aotloBi 
whothor  4riwon  or  not*  00  in  flwttor. 

b.  Klnl4  wo.  ooroolootlc  tlgld  nooao  olwoyo  naaloolly  rigid*  00  ototlc  ond  dyaonic  aodol  dofor- 

Mti^  cooToowor  oaelnSod  in  proctieo. 

c.  Aotodynnalc  (ditocO  wo«  roonoaoo  (iiidiroct>  aopouroaont.  Honouring  oorodyBoale  foreoo  ond  prooouroo 
ot  givoB  aodol  BotlM  lo  o  diroct  woy*  aoMurlng  tho  rooponoo  of  the  aodol  oad  reducing  It  to  oerody^ 
aoalc  quontitioo  io  on  indiroct  woy  00  the  rooponoo  rooulto  not  only  froa  oorodynoaic  foreoo,  but 
oloo  froa  iBortlol,  otlffnooo  ond  doaplng  foreoo  in  the  aodol  otmeturo.  Typical  exoaploo  of  diroct 
BooouroaoBto  oro  tooto  with  oorodynoaic  prooouroo  ond  loodo  aodolo*  idiilo  tooto  with  o  flutter  aodol 
belong  to  tho  clooo  of  Indirect  aoooureaonto.  With  tbooo  three  typoo  of  aeoonrenonto  tho  diocuoeion 
will  bo  eoBtiouod  la  the  noxc  ooctloa.  figure  4  ouggeoto  the  uoe  of  o  full^opon  aodel*  but  often 
oeaiopoB  aodolo  ore  being  uoed  to  ollovioto  the  problea  of  laotolllng  the  oupport  ond  oxcitotion 
aochonioa  in  tho  coot  ooction  without  too  auch  interference  with  the  flow. 

3.2  Survey  of  major  error  oourcoo 

In  figure  5  on  ottoapC  io  node  to  ouaaorise  the  aojor  error  oourcoo  in  procodureo  to  predict  full- 
ocole  aircraft  ooroelaotic  cbaroctoriotica,  which  nake  uoe  of  dyneaic  windcunnol  tooting  to  a  greater  or 
looo  extent.  In  aaaouroaento  with  0  oroooureo  aodel  (wbetber  aovlag  or  not)  prooouroo  oro  aaaoured  ond 
Intogrocod  nuaerically  to  obtain  foreoo  and  noaento.  An  Inproper  choice  of  ntabor  and  location  of  preaoure 
orlficoa  and  failing  of  than  are  iaportant  error  oourcoo.  Alo  aituotion  io  eaoontially  the  oaae  for 
atoady  tooto  but  night  bo  more  aorlouo  in  the  unoteody  caoe,  ao  will  be  pointed  out  in  a  following  sec¬ 
tion. 

Concerning  the  flow*  the  Seynolda  miaber  io  often  not  ocoled  properly,  which  ai^t  deteriorate  a  cor¬ 
rect  oiaulatlon  of  viocouo  effecto  on  unoteody  aerodynaalc  characterlotlco.  Aloo  unoboerved  otatlc  deflec¬ 
tion  might  have  a  negative  affect,  although  the  vibration  node  nay  have  been  neaoured  correctly.  Finally, 
exlating  correction  aotbodo  for  unoteody  tunnel  wall  Intorferonco  are  only  crude. 

Soaetlmea  Che  proooure  noaouremont  technique  givea  rloe  to  lack  of  accuracy,  mainly  aaeoclated  with  fall¬ 
ing  of  nodal  inotrumentatiott  due  to  oenoltlvity  to  dynamic  loading.  Unoteody  preoouree  and  loodo  modele 
may  bo  ocoled  down  from  comploto  aircraft  or  from  porta  of  then  to  more  or  leoo  olmpllfled  geometrieo.  Ae 
experimental  data  haa  to  bo  conbined  than  with  calculatlona  to  enable  full-ocale  prodletiona.  In  many 
caoea  thio  Involvoo  verification  of  the  theoretical  methoda  ao  an  Intomediate  atop  after  which  the 
methodo  are  uoed  for  full-ocale  prodictiono.  In  other  caoea  the  expeTlmentol  data  ore  applied  in 
oeml-ooplrical  methoda*  which  are  oooontlally  naana  for  extrapolation  of  the  data  to  full'^ocale. 
lu  mooourementa  with  a  loado  model  forceo  and  momenta  are  maoourad  inottad  of  preeaurao.  In  thla  caoo  not 
only  oarodynamic  but  alao  inortioi  forcaa  art  balng  aaoaurad  ao  that  a  compenaotlon  procedure  hoa  to  be 
applied  during  or  after  the  meaeuresent  to  extract  tho  acrodynomlc  foreoo.  Aa  the  inertial  forcoa  ara 
uauolly  dominotlttg,  it  ia  cXaor  that  tho  accuracy  of  the  aorodynomlc  quontltloa  dependa  haavily  on  the 
precioion  of  the  compenoetlon  procedure.  Application  of  this  procedure  la  relativaly  ainpla  if  tha  model 
may  bo  conaldared  aa  rigid  *  like  in  atablllty  derlvativa  maaaurtmanta  -  aa  than  tha  companaotion  proca- 
duro  Involvao  only  tha  aubtractiem  of  Inortlol  contrlbutlona  duo  to  tronalatory  ond  rotatory  model 
notions.  If  an  oaroaloatlc  model  io  being  uoed  moot  effort  has  to  be  put  into  the  proper  design, 
fabrication  ond  Mllbrotio^  of  tha  model.  Ae  dynamic  alallarlty  of  the  aodel  (acallng  of  natural 
froquoncloo,  vibrotloo  aodoo,  etc.)  dotemlnoo  highly  tbo  quality  of  the  full-scale  prediction,  and  could 
fora  on  l^wrtont  error  source.  Ao  diocuaolon  of  thio  subject  lo  not  conolderod  to  lie  within  tho  scope 
of  this  paper.  Ae  tronsloclon  of  aeoeured  responaeo  into  full-scale  prediction  should  be  relatively 
simple  now.  Ae  error  eourceo  mentioned  so  far  which  hava  apaciflc  Impact  on  unateody  wlndtunnel  testing 
will  be  dlecuaaed  later  on  in  more  detail.  Aero  ore  of  courec  various  other  error  sources,  involved  e.g. 
in  the  determination  of  vlbratiomsl  cbaracterlatica  of  the  aircraft  structure  and  the  extrapolation  of 
wlndtunnal  raaulta  to  full-acale  predictiona.  Aay  are  considered  beyond  the  scope  of  thla  paper  and  their 
dlecuoelon  te  not  pursued  hare  any  furthar.  In  addition  to  the  above  techniques,  «dilch  ara  concerned 
directly  with  model  eurfece  loads,  alao  flow  visualisation  and  laser  valoclalatry  techniques  can  be  applied 
to  determine  other  unsteady  flow  properties.  Aa  information  obtained  Increesea  the  understanding  of 
unsteady  flow,  and  ia  particularly  valuable  for  computer  coda  devalopmant  and  validation.  However,  because 
it  le  difficult  to  quantify  tha  accuracy  of  these  techniques  and  its  influence  on  the  accuracy  of  unsteady 
airload  predictions,  these  techniques  ere  not  considered  in  the  present  paper. 

3.3  Relation  with  accuracy  in  steady  wlndtunnel  testing 

A  fairly  rallabla  Indication  about  tha  accuracy  of  unataady  teat  reaults  can  be  obtainad  froa  the 
accuracy  of  as  jurad  aerodynamic  derivatXvaa  (preaaurea,  fotcea),  often  defined  by  eeroelasticlena  ee 
queai'^teedy  quanticlea.  (Strictly  apaaking  quaal-ataady  quantitlea  are  unataady  quantlclea  for  vanlahlng 
reduced  frequency  value,  and  differ  froa  derlvatlvea  In  caaa  of  nonllnftr  aerodynamic  characterletlca  (see 
Ref. 2).  In  figure  6  an  axai^lt  is  preeanted  of  chordwlea  preaaura  dlatributlona  for  tha  aupareritical 
airfoil  HLR  7301,  givan  In  refaranca  2,  and  derived  from  tha  invaatigatlona  of  Tljdaman  (Raf.3)  In  which 
ha  conaoquencly  colored  quaai-ateady  and  unataady  data.  Two  t^arvationa  ara  notable: 

a.  Aa  quaai*ateady  and  unataady  praaaurt  dlatributlona  ara  vary  almllar; 

b.  Both  dlatributlona  ahow  a  atrong  peak  at  tha  shock  position,  the  ao-eallad  shock  peak,  corraspondlng 
to  tha  trajectory  of  tha  movli^  shock.  Ttia  conaaquenca  ia  that  a  falling  praaaura  point  in  tha  shock 
trajectory  of  steady  lift  and  moment,  but  that  this  could  be  dlaaatroua  for  the  accuracy  of  quael- 
ataady  and  unsteady  lift  and  moment.  In  the  worst  case  the  peak  night  ramain  unobsarvad, 

3.4  Teat  setup 

For  the  measurement  of  unataady  airloads  two-  and  thrae-dimenalonal  teat  aatupa  are  being  oaad.  In 
aaroelaaticity  the  airloads  on  two-diman^^****^  winga  to  heaving  and  pitching  oecillationa  are  often 


matMl  M  eb«3r  hawm  wp^cisl  •ifpificMe#  la  cnapufr  cod*  vaXldatloa  tad  In  ^pliencloiin  to  largo  aapocc- 
ratio  viaga*  Pitching  oacUlatlmia  la  two-41aoaaiooal  taat  rlga  can  bo  roallsod  rolatl^lj  oaap.  Airloads 
duo  to  hoaalag  can  than  bo  obtalnod  froa  tbo  dlfforonco  botwoon  airloads  corroapondlng  to  dlfforone 
pitching  axis  locations.  Tho  dlfforonco.  hoaovor*  la  uauallj  too  aaall  to  roault  Into  airloads  duo  to 
hosTlag  with  a  aufflclont  accuracy.  Roallaatloa  of  puro  hoaolng  oscillations  roqulros  a  such  noro 
ecaplleatod  tost  rig.  An  oxsnplo  la  tho  RUt  tost  rig  usod  for  tho  noasuronont  of  unstosdy  airfoil 
charactorlstlea  In  transonic  flow,  shidi  is  prosontod  la  flguros  7  sad  6.  tao  pitching  oscillation  nodos 
with  axis  posltlsns  at  20  and  45  par  cant  chord  and  a  hoawlag  oscillation  nods  conld  bo  roallsod  (Iof.4). 
Tbo  nsxfM  saplltudo  and  froquoney  In  tiio  pitching  nodos  wars  1  dogroo  and  200  Rs.  «id  in  tho  hoarlng 
■o4o  1.5  «  and  150  Hs.  la  throo^dlnoMtonal  toots  both  ainl»»  and  full-sssn  wlas  nodols  aro  usod.  Tho 
sonl-spaa  nodols  snablo  toots  at  hl^r  loynolds  nunbors.  liko  In  stos^tostsTMt  pomlt  In  tho  unstoady 
caso:  a  nueh  oaolor  drlwlng  nocbaalsn.  Mainly  for  tho  Uttar  reason  asny  throo-dlnonslcnal  toots  aro 
porfomsd  with  sonl-spaa  nodols*  aeeoptlng  at  tho  sano  tlno  tho  drawbacks  of  tho  disturbing  influoaco  of 
tho  tunnol  wall  boundary  Uyor  at  tho  wing  root  and  tho  nood  of  a  labyrinth  botwoon  Mdol  and  tuimol  wall 
If  forcos  havo  to  bo  noasurod.  Sovoral  oxanplos  of  sonl-span  wing  nodols  aro  glvon  In  this  papor.  An 
oxanplo  of  a  full-span  tost  sotup  U  prosontod  in  figure  9.  boing  usod  rocontly  at  RUt  for  low  spood  tosto 
with  a  atrakod  dolts  wing  nodal  oscUUtlng  In  pitch  (tof.5).  Tho  conpllcatlon  of  tho  nany  stmts  was 
noeossary  to  gnarsatoo  a  eloan  pitching  notion  In  a  wldo  rango  of  Ineldoneos.  pitching  si^lltudoo  and 
aldosllp  snglos.  To  ostlaato  tho  Intorforonco  of  tho  tost  rig  with  tho  flow  a  soparato  otoady  tost  was 
porfom^  with  tho  nodal  suspondod  in  wlroo  to  an  ororhoad  balanco  syoten. 

3.5  Moasurlng  toefaniquos 

To  dotomlno  tho  tins  history  of  tho  position  of  tho  nodal  surfaco.  nowadays  la  noot  cxporlnonts  only 
rolatlvo  dlsplacononts  aro  noasurod  botwoon  parts  of  tho  construction  which  aro  clooo  to  oach  other .  for 
instance: 

-  position  of  tho  root  chord  roUtiwo  to  the  tunnol  wall  whan  It  eoncorno  a  oonl-opan  nodal 

-  position  of  the  flap  roUtivo  to  the  wing  when  It  concerns  a  nodal  with  oscillating  flap. 

Tho  accuracy  of  thoso  noasurononta  Is  bettor  chan  0.01  m.  On  other  places  of  Intarsst.  nodols  sro 
equipped  with  aeeoloronators*  providing  local  anplltudo  of  tbo  notion  by  double  Intogration  of  tho  signal. 
Tho  accuracy  of  the  ai^litudo  obtained  la  this  way  will  depend  strongly  on  frequency.  Optical  systsns. 
which  onablo  the  noasuronont  of  tho  position  of  a  largo  nu^or  of  points  on  the  nodal  surfaes  with  rospoct 
to  (for  Instance)  tho  tunnel  walls,  aro  under  dovolopnsnt.  but  still  not  available  for  routine 
applications.  A  big  advantage  of  ouch  a  syston  would  be  tho  Inclusion  of  tho  static  defomatlon  of  the 
nodal. 

When  tho  nodal  notion  la  known,  the  transfer  function  between  notion  and  aerodynanic  output  can  be 
establlshod  by  ncasuring  tho  overall  loads  and/or  pressure  distributions.  As  nentloned  In  section  3.2.  the 
overall  loads  noasurod  by  a  balance,  nust  bo  corrected  for  inertia  effects.  Models  for  this  kind  of  tests 
aro  thoroforo  often  node  of  special  natorlaU.  Ilka  nsgneslun  alloys,  to  inprove  the  ratio  between  serody- 
nanlcs  and  Inertia  loads.  At  constant  reduced  froquoney.  the  frequency  of  tho  nodal  oxcltatloo  will 
Increase  with  windspood.  and  Inertia  offocto  will  becone  nore  pronounced.  However,  one  should  realise  that 
not  all  conpononts  aro  affoctod  by  Inertia  loads:  when  tho  center  of  gravity  is  In  the  rotation  axis  of  a 
pitching  nodal,  the  unsteady  nomiu.  form  Is  not  affected  by  Inertia  loodst 

Pressure  noasuronents  provide  dotallod  Infomatlon  about  the  flow,  balanco  neasureneats  do  not.  How¬ 
ever,  when  tho  goal  of  thoso  nessurononts  Is  to  obtain  overall  loads  by  Integrating  pressure 
distributions,  one  should  realise  that  the  accuracy  night  be  United  by  a  too  snail  nu^er  of  pressures, 
scoop  prosouro  gradionto  and  poor  Intogration  notbods. 

Especially  whan  transducers  fall  in  the  region  with  large  pressure  gradients  (for  Instance  at  the  shock 
position),  a  sovoro  loss  in  accuracy  nay  bo  expected  (see  Sections  3.2  rnd  3.3). 

For  tho  noasuronont  of  prossuroo  on  the  nodal  surface,  two  nethods  are  nentloned  here: 

*  The. first  one  usee  a  largo  nunbor  of  Identical  pressure  tubes,  connectod  via  scsnnlvslvoB  to  a 
United  nunbor  of  preosuro  transducers,  outside  the  wlndtumel  (see  Ref. 3).  The  essential  step  In  the 
data  reduction  procedure  of  this  nsthod  Is  that  the  unsteady  proosuros  noasurod  with  the  tran^ucers, 
(p  )  aro  reduced  to  tho  actual  pressures  at  tho  nodal  surface  (p.),  with  tho  use  of  the  transfer 
fictions  of  tho  pressure  tubes.  This  procedure  Is  schonstlcally^lndlcated  in  figure  10.  By 
Installing  a  United  nunbor  of  nlniaturo  preosuro  transducers  In  the  nodal,  each  of  then  positioned 
adjacent  to  oono  orifice,  tho  tube  transfer  functions  aro  noasurod  during  the  wlndtunnel  toot.  They 
can  bo  applied  to  all  other  tubes.  The  tube  transfer  function  depends  on  frequency,  tube  geonetry. 
goonotry  of  the  tube  entrance,  steady  pressure  and  velocity  profile  of  the  local  boundary  layer. 

The  accuracy  of  pressure  coefflclmts  detemlsed  with  this  nsthod  Is  estlsisced  to  be  better  than  5Z 
In  anplltudo  and  3  deg  In  phase  uigle  (see  Ref. 2  dataset  9  and  Rof.3).  The  nethod  is  econonlc  and 
does  not  dotorlorate  the  node!  stiffness  too  nuch.  However,  not  sU  pressures  can  be  neasurod  at  the 
sano  tine  and  extra  postprocessing  is  needed  as  conpared  to  the  next  nsthod, 

*  The  second  nethod  uses  a  large  nuiAer  of  nlniaturo  pressure  transducers  close  to  the  nodcl  surface, 
leaving  tubes  of  only  very  short  length.  The  transducers  are  nounted  In  such  a  way  that  they  ore 
electrmically  insulated,  free  fron  nodal  defomatlon  and  not  lafluenced  by  accelerations.  In  this 
nethod  the  electronic  output,  in  co^iaatloo  with  the  sensitivity  of  tbs  trsnsducer.  yields  directly 
the  pressure  signal  at  the  nodal  surfsce.  In  the  range  of  test  frequene..es  In  seroelastlc  applica¬ 
tions  (up  to  about  1  kHs).  no  correction  for  tho  trsnsferfunctlon  of  the  short  tube  and  snail  volune 
botwoon  nodal  surface  and  transducer  Is  needed.  This  technique  mtj  be  applied  also  with  sonsidiat  ex¬ 
tended  tubes,  to  enable  neasureneats  at  places  difficult  to  reach,  like  nose  and  trailing  edge 
region.  Failure  of  transducers  occurs  nore  frequently  at  places  with  a  high  aceoleration  level.  By 
using  a  short  tube,  nountlag  of  transducers  at  these  places  can  be  avoided.  In  tills  way.  failure  of 
transducers  will  bo  United,  resulting  la  a  hlgbar  accuracy  of  the  overall  coefficients  obtalnod  by 
Integration. 

The  technique  Is  also  suitable  for  the  nsasuronent  of  non-siausoldal  pressure  signals  and  provides 
tho  possibility  to  nsssuro  all  pressures  slasltanaously.  In  tho  last  few  years,  nlniaturo  pressure 
trsiuducers  which  are  suitable  for  both  static  and  dyn^c  pressure  nsssuransnts  have  becone  avail¬ 
able.  In  the  past.  In  nodels  equipped  with  a  large  nunbor  of  nlniaturo  pressure  trsnsducors.  also  a 
largo  nunbor  of  pressure  tubee  weto  installed  to  nessure  the  static  pressures.  In  this  way.  often  a 
•nail  stlffnass  of  tbo  nodal  sad  consequently  a  largo  static  defomatlon  was  ^tslnod.  which  deteri¬ 
orated  the  accuracy  of  the  nsssursnsnts. 
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Th*  unsCMidy  clcnala  of  aocloo  and  load*  ■aaourlng  inatnamta  can  ba  racordad  diraetly  tm  tapa  or 
dlac  f<Mr  fortbar  aaalfala.  For  oacUlatory  ■otloaa.  a  lai^  raductlan  of  Um  aoouat  of  data  caa  ba 
obcaiaad  by  craaafonMCloa  of  Cha  ■aaaarad  lowtaady  al^ala  to  a  llalcad  nialitr  of  Fourfar  eoapooaoca.  Aa 
a  cooaaqaaoca.  If  tba  ai(BaX  la  far  froa  bMiDale»  tfcia  aay  Xaad  to  arrora  dua  to  naslact  of  bltbar 
hazMatca.  la  eaaa  of  wlaga  la  baxaoale  aotioo,  aueh  arrora  aay  bacoaa  alpilflcaat  aapaelally  ahan  tha 
floa  la  atzoBfly  nnallnaar  a.t*  oloaa  to  aoriat  ahoeka  aad  at  aaparatad  flov.  Wbathar  tha  bighar  haraoalca 
ara  raaXly  aarloua  in  thair  eoatribattcma  to  tba  aaroalaatlc  atablllty  and  raapoaaaa  of  tha  aircraft 
dapaada  on  tha  albratlanal  ebaractarlatlca  of  tha  atructvra. 

3.6  Vlacoua  of facta 

Lika  la  ataady  aarodyaMic  inraatifotlona*  aiacova  affaeta  occurring  during  unaoaady  wind  tuaaal 
taating  ara  aa  li^rtaat  aattar  of  eoneara  la  tha  daflaltlon*  aaaauraaanc  and  analyaia  phaaaa  of  tha  In- 
uaatlgatioB.  Oapaadlng  on  thicknaaa  and  natura  of  tha  rlaeoua  layar*  tha  affact  of  viacoaity  can  vary  froa 
a  aaall  affact  on  nagnituda  and  pbaaa  aagla  of  tha  airloada  ralatlva  to  tha  airfolX  notion*  to  a  con- 
pXataly  diffarant  b^iavlor  of  tha  unataady  flow  coi^arad  to  tha  hypothatieal  Invlacld  caaa. 

Aa  a  conaaquanca*  raaulta  of  imataady  wind  tunnal  taata  cannot  ba  uaad  aafaly  for  full-acala  fluttar  pro- 
dictlooa*  without  a  caraful  analyaia  of  cha  poaaibla  affaeta  of  tba  dlffaranca  batwaan  nodal  and  full- 
acala  Kaynolda  nonbar*  In  tha  following  tha  najor  affaeta  of  vlacoaity  on  unataady  airloada  ara 
amnariaad*  and  conaaquaneaa  for  tha  aati^  and  analyaia  of  unataady  flow  axparinanto  ara  dlacuaaad. 

For  a  givan  nodal  notion*  cha  davalopnant  of  unataady  flow  and  airloada  dapanda  on  Raynolda  nunbar  In 
two  waya  (laf.7)2 

1.  By  lea  Influanca  on  cha  initial  or  naan  ataady  atata  flow  flald.  Thla  flow  flald  datamlnaa  tha  way 
In  idilch  unataady  flow  parturbattooa  propagata  around  tba  airfoil  aad  contributa  to  tha  dlatribution 
of  unataady  praaauraa  on  tha  nodal  aurfaca.  Thla  affact  la  noat  inportaat  at  tranaonic  flow 
condiciona*  idiara  unataady  loading  atrongly  dapanda  on  location  and  aiaa  of  auparaonlc  flow  raglona 
and  ahoek  wavaa. 

2.  By  lea  influanca  on  tha  unataady  chanta  of  tha  vlacooa  ration.  For  a  given  initial  ataady  flow  field, 
Che  unetaady  ehangaa  of  gacnatry  and  nature  of  the  vlacoua  ragion  interact  with  tha  nodal  notion  and 
Che  Invlacld  part  of  tha  flow*  and  conaaquently  affect  the  unataady  airloads, 

Tha  unataady  bahavior  of  tha  vlacoua  ragion  can  ba  claaalfiad  aa  followa*  in  eaquanca  of  incraaatng 
efface  on  tha  unetaady  airloadat 

-  (for  flxad  Cranalclon  polnta)  variation  in  tlna  of  attaehad  laninar  and  turbulant  parta  of  tha 
vlacoua  ragion 

-  additional  variation  of  the  viecous  ragion  dua  to  unetaady  tranaltlon  point  dlaplacanant 

-  notlon-loducad  landing  adga  aaparatlon  and  vortax  flow 

-  notlon-indapandant  unataady  vlacoua-lnvtacld  Interaction,  often  charactarlaad  by  atrong  periodicity. 
Tha  above  affaeta  ara  laportant  in  many  practical  caaaa  of  unataady  loading  aad  aaroelaatlelty*  In  partic¬ 
ular  involving  control  aurfaca  affactlvanaaa*  aaroalaatlc  bahavior  of  vlnga  la  attaehad  tranaonic  or 
natural  laminar  flow*  tranaonic  wing  or  aileron  butt  and  dynamic  atall.  Inaccurata  almulatlon  of  vlacoua 
affaeta  for  tha  above  caaaa*  elthar  by  axparimast  or  coog>utatloa,  lands  inevitably  to  arreaMoua 
pradlcciona  of  unsteady  airloada  and  aaroalaatlc  bahavior. 

A  typical  exaig»la  of  inadaiiuata  alvulation  of  vlacoua  affaeta  in  Che  windtunnel  was  raportad  in 
rafarenca  8  which  daacrlhas  a  fluttar  Invaatlgation  of  a  auparcrlcieal  wing  aami-apan  modal.  In  order  to 
trace  tha  flutter  boundary  aufficl«atly  far  in  tha  tranaonic  regime*  tha  total  praaaura  bad  to  be  raducad 
aignlflcantly.  At  tha  raaulelag  lew  Raynolda  nunbar  (1E06  baaed  on  rapraaantativa  wing  chord)  an 
unaxpactad  atablllty  boundary  (Fig. 11)  van  found*  which  could  not  be  atcributad  to  Invlacld  transonic 
affects  or  flow  separation.  After  enalysia  of  the  transition  strip  effactlvsness  it  was  concluded  chat  tha 
strip  had  become  Inaffactlva*  allowing  an  unataady  tranaltlon  point  motion*  From  various  txparimantal 
atudlaa  of  oaclllating  airfoils  It  is  known*  that  such  a  motion  baa  a  strong  Influanca  on  tba  xinataady 
loading*  and  in  particular  leads  to  a  larger  phase  lag  of  unataady  airloada  ralatlva  to  tha  airfoil 
motion.  In  Fig.  12  this  affact  la  llluacratad  by  tha  unataady  lift  coafficlant  maaaurad  on  a  auparcrlcieal 
(NLR7301)  airfoil  with  oscillating  flap*  for  various  locations  of  a  tranaltlon  atrip.  This  affact  of  a 
moving  tranaltlon  point  explains  the  nagatlva  aarodynamic  damping  which  laada  to  tha  obaervad  low-Raynolda 
numbar  Inatablllty, 

Also  hara  a  uaaful  naana  to  datact  tha  rola  of  transition  on  unsteady  airloada  la  quasi-ataady 
analyaia  of  available  ataady  fltnr  data.  Aa  an  axampla.  Fig.  13  shows  Cha  quaai-ataady  lift  coafficlant  aa 
function  of  angla  of  attack  for  a  auparcritlcal  airfoil  at  its  axparlaantal  daslgn  Mach  nu^r  N  •  0.745, 
for  various  locations  of  a  trutflclon  atrip.  Fig.  13  also  abowa  tha  motion  dx/da  of  cha  translclcm  points 
on  upper  and  lower  aurfaca  maaaurad  during  tha  taata  with  natural  transition.  Lika  in  tha  previous  axampla 
tha  lift  la  atrongly  affactad  by  diaplacamant  of  cha  transition  point.  Tha  larga  peak  can  ba  correlated 
with  a  downacraam  motion  of  tha  tranaltlon  point.  Fixation  of  tba  transition  point  on  a  aufficlant 
upatraam  location  reduces  thla  peak  affectively. 

If  a  wind  tunnal  invaatlgation  baa  to  ba  carried  out  at  a  Raynolda  nu^ar  significantly  diffarant 
from  full-scale*  various  maaaorea  can  ba  taken  to  reduce  the  raanlclog  arror  la  unataady  flow  aianlatlon. 
These  maaauraa*  which  ara  also  applicabla  to  cope  with  wall  latarfaranca  affaeta*  can  be  axpactad  to  yield 
qualitatively  batter  unsteady  airload  pradlctlona*  of  which  tha  ramalniag  quantitative  error  can  ba  aa- 
clmatad  and,  Co  aoma  txtant*  ba  corrwetad. 

Analyaia  In  advanca  of  ataa^  axparlaantal  and  tbaoratlcal  data,  to  dafina  a  taat  program  at  initial 
or  uaan  ataady  flow  condiciona  lAlch  eorrwapond  to  fuU-aeala  by  almllarlty  In  atata  of  tha  viscous 
region  and  praaaura  dlatrlbmttoi*  ratbar  than  by  similarity  of  angla  of  attack  and  Mach  aombar.  Thla 
naaaura  halpa  to  raduca  inaccuracy  of  unataady  airloada  dua  to  niaflt  of  full-acala  aad  nodal  Initial 
flow  flald. 

Bodi  in  waataady  praaavra  and  fluttar  invaatlgationa*  modaia  ahould  ba  aqulppad  with  ataady  praaaura 
oriflcaa  in  at  laaat  oas  cbaractarlatlc  sactlon  of  tha  nodal*  la  ordar  to  ba  able  to  varlfy  tlto 
aaaumtd  Initial  ataady  atata  flow  flald.  This  also  la  adwlaabla  If  static  modal  dafoxmatlon  and  wall 
IntarfaFaBca  ara  a^actad  to  ba  algalflcaat. 
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CTviiic  clM  mbawm  mtmmdy  tlatf  th9  behavior  of  eha  craaaicioa  lino  on  aodal  and  at 

full-acala  ohouU  bo  aMljrand  ia  advaaca  (aaa  thm  auapla  dlactaaaad  above)  •  On  the  baala  of  thla  ln> 
fonmtio^  aa  t^tlaua  loeaclea  and  aiaa  of  traaaltioD  acripe  can  be  cboaan.  Thla  iwaaura  say  allalnace 
■ncaMloua  behavior  of  wneready  airloada  due  to  (at  full*-eeale)  unreallatlc  traaaltion  point  notion. 

If  the  treBeictoQ  point  at  fuU-eeale  la  expected  to  be  etroBgiy  variable  (e.g.  on  natural  laninar 
flov  airfoila)*  accurate  alnnlacion  at  wind  tumel  eonditiona  viU  be  nore  difficult. 

In  the  analyaie  phaae  the  neaaured  wind  tunnel  data  can  be  applied  to  full-ecale  eonditiona,  or  uaed 
for  code  verification,  on  the  baaia  of  Matching  the  initial  ateady  flow  fields.  In  transonic  flov, 
this  Matching  should  be  carried  out  on  the  baeis  of  Mach  nu^er  distribution  end  shock  location.  If 
preeeore  coefficienta  are  uaed  ae  baaia  for  notching,  a  difference  in  free-etreaa  Mach  nunber  nust  be 
corrected  for  in  order  to  obtain  etoilar  local  Meeh  maiber  dietributiooe. 

in  arniple  of  this  Matching  is  shown  in  Pig.  14,  nhere  experlMantal  nsan  steady  and  unsteady  pressure 
coefficients  on  a  supercritical  airfoil  are  coMpared  with  reaulte  of  inviecid  tranaonlc  aaall  pertur^ 
batloo  theory.  The  preeent  ease  was  selected  fron  Baf.2  and  coneema  the  NUt7301  airfoil  oscillating 
about  Ita  nearly  shock-free  design  condition  (M  »  0.748,  on  •  .85  deg).  The  dieoretlcal  design  point 
(M  "  .721,  a  *  -.19  deg)  wee  used  la  the  conputetion.  Allthou^  the  Measured  end  coMputed  Mean 
ateady  praaaore  diatrlbutlone  are  epproxiMStely  shock-free,  they  do  not  natch  very  well,  and  there  is 
e  coneidereble  dieagresMsnt  in  unete^y  pressure  dlstrlbutiona  on  the  upper  surface  (Fig.  14e).  A 
better  result  is  obtained,  if  the  angle  of  attack  In  the  eoMputetion  le  increased  to  is^rove  the 
Matching  of  the  unsteady  pressure  dletributione  on  the  upper  eurfece.  To  obtain  elnilarity  in  Nech 
maiber  diecribution,  first  the  experlMsntal  Mean  Cp  valuaa  were  corrected  for  the  difference  la 
free-etresM  Mach  nuMbar.  The  resulting  "target**  preeenre  distribution  wna  epproxlMSted  in  the 
coaputatlM  by  increasing  tha  angla  of  attack  by  0.5  dag  (Fig.  14b).  Aa  a  result,  tbe  eoMputed 
unsteady  praaaurea  are  In  better  egresMent  with  the  experlMsntal  results.  Of  course,  the  egrecMent  ia 
not  yet  eaelefectory  in  particular  due  to  the  neglect  of  viscous  effects.  The  present  exenple  shows, 
however,  the  iMportance  of  MStching  of  the  steady  flow  fields  irrespective  of  the  accuracy  of  the 
prediction  of  the  unateedy  perturbetlone  of  this  field.  A  elMiler  procedure  can  be  followed  if 
full-ecele  predictions  ere  to  be  Made  on  the  beeie  of  experiMsntel  reaulte  at  lower  leynolde  nunber. 

The  accuracy  of  the  Measured  unateedy  airloads  for  application  at  full  reels  can  be  eetlnatcd  if  both 
Model  end  full  scale  steady  flow  date  ere  eveileble,  by  enalyaie  of  queel-eteedy  airloede  at  Model 
end  full-scale  laynolde  niniber.  For  low  reduced  frequencies  the  unataady  airloads  May  be  corrected 
for  thla  difference,  to  inprove  the  ^pliceblllty  at  full  ecele  conditions. 

3.7  Tunnel  well  interference 

A  constant  aourca  of  eoncam  to  the  wind  tunnel  experlMenttallet  is  unsteady  tunnel  well  interfer¬ 
ence.  The  effects  ee  experienced  by  the  nodal,  originate  froM  various  causes: 

*  defonetion  of  the  Mean  etaady  flow  dua  to  wall  conetrainta 

*  raflection  of  unataady  praeeure  dietuxbaneee  at  tha  walls 

*  trenaveree  tunnel  resonance. 

For  a  further  diecueeion  it  is  eeeieet  to  consider  the  flow  about  the  oecilleting  nodal  ee  a  euperpoeition 
of  e  steady  flow  governed  by  nodal  geoeetry  and  naan  Incidence,  end  e  perturbing  unsteady  flow  generated 
by  nodal  notiem  or  flow  uneteadineee.  The  influence  of  the  ete^  flov  on  the  unsteady  part  nay  becone 
very  strong  -  ee  le  well-known-under  transonic  conditions. 

a.  Considering  the  effects  of  well  cooetrainte  it  la  now  reasonable  to  accept  that  tbe  correctlOD 
Methods  and  recoMendatlona  to  avoid  serious  conatralnta  effects,  which  arc  fnlliar  in  steady 
testing,  are  also  applicable  to  tbe  seen  steady  flov  in  unsteady  teetlng.  A  rather  comwq  Method  to 
allow  for  this  effect  to  eons  extent  le  to  natch  the  flov  about  the  node!  in  its  naan  position  to  the 
desired  flov  known  e.g.  fron  interference  free  steady  teste.  An  exenple  will  be  given  later  oa,  A 
elniler  Matching  la  discussed  in  section  3.6  to  account  for  keynolde  mmber. 

b.  The  eecood  effect  Mentioned  above  is  e  typically  unsteady  one  end  effect  is  due  to  the  pressure  waves 
enitted  frcM  the  oecilleting  Model,  which  do  not  recede  continually,  but  ere  reflected  with  the  flow 
about  the  Model.  Correction  Methods  ere  far  froM  eoMpletc  end  show  the  tendency  to  follow  Ideas  in 
the  developMsnt  of  steady  correction  Methods.  A  Major  problea  In  finding  adequate  theoretical  correc¬ 
tion  aathode  ia  uncertainty  about  the  unsteady  boundary  condltlone  at  ventilated  vlndtunnel  walls. 

The  Most  elaborated  Methods  arc  based  on  Integral  equation  forMulatlona  using  the  strongly  alnpllfied 
linear  hOMogeneoua  boundary  eonditiona.  They  are  further  restricted  to  unifom  Mean  flow  and 
therefore  Invalid  in  transonic  flov.  A  recent  survey  has  been  given  in  reference  9.  An  eltemetlve 
approach  has  been  proposed  which  cMploye  Mseeured  flov  conditions  at  the  wells  (Ref.  10),  This  Makes 
the  Method  ^pllcehle  to  ventilated,  especially  slotted  wells,  but  transonic  flows  rsMsin  excluded. 
Correction  Methods  for  mots  general  ceeee,  lacludlng  three-dlBensional  Models,  treneonlc  flov  end/or 
ventilated  tunnel  walls,  which  have  found  eoMs  broader  ecceptence,  ere  not  known  to  the  authors. 

Two  exaaplee  will  be  given  here  to  llluatrete  the  concerns  e  12%  thick  supercritical  airfoil, 
pitching  ebout  0.45  C  (Raf.4),  in  a  transonic  attached  flov  with  e  veil-developed  shock  wave.  Chord 
length  wee  0.16  m  end  tunnel  hei^t  0.55  m.  Top  end  bottoM  floor  were  slotted  wells  with  open-area 
ratio  of  10%.  In  Fig.  15  the  Modules  end  phase  of  the  Mseenred  lift  coefficient  k.  is  shown  vereue 
reduced  frequency  k,  in  coMparieon  with  calculated  velnee  of  linear  theory  (Doublet-Lattice  Method) 
and  MBsll  perturbation  transonic  theory  (LTIiUI2-MLR,  Ref. 11).  The  following  well  interference  effects 
aey  be  observed. 

-  At  ssro  frequency  the  neseured  lift  coefflcimt  vss  corrected  secardlng  to  s  stsndsrd  procedure. 
The  correction  renetted  into  la  increase  of  31%.  Tbe  correepondii^  corrected  incidence  wee  2  deg. 

-  The  Mseaured  Modulus  values  ^ow  e  msxImmm  at  SMell  reduced  frequencies,  while  the  phase  leg  is 
retarded. 

-  The  calculated  tranaonlc  lift  coefficients  were  obtained  after  Matching  the  Mean  preeeore  deetribe 
with  the  Measured  dietributi<m,  on  the  basis  prinerily  of  an  equal  shock  location. 

Tbe  conclusion  of  coMpering  ell  these  reaulte  ia  that  tbe  well  Interfermiee  effects  eesM  to  be  over 
at  k  -  0.15. 

The  second  sxanple  conceme  the  so-called  ROIA  wing,  e  hacMonlc  oecillatlon  aenl-^an  nodal,  which 
wee  tested  in  four  dlfforent  European  wind  tnaMSle  (Ref. 12).  The  nodal  planforn  la  shown  in  figure 
16*  A  eoMparleon  of  the  tunnel  test  eectXona  Involved  is  given  in  figure  17.  Reenlte  of  three  wind 
tunnels  ere  presented  in  figure  18.  Result  of  the  82  tunnel  were  very  elniler  to  those  of  tbe  B8T  and 
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h<v«  b««a  l«ft  out.  It  e«n  bo  oboorvod  In  thin  rathor  socurltlvo  caaa  that  abocfc  paaka  occurrod  in 
tha  praaaora  dlatrlbutlon  of  tha  laya  vind  tonaal  HST*  which  wara  alaoat  auppraaaad  in  tha  oaallar 
taanala  IM  and  3ft*  both  la  caaa  of  noilnal  coapariaon  (MC)  and  in  tha  caaa  of  praaaura  natchad  co*-' 
pariaoB  (fC*  i.a.  boat  nateli  of  local  Mach  nuabar  diatribution  on  tha  uppar  aida).  Ona  of  tha  con- 
elualooa  of  rafaraoca  12  la  that  tha  raaulta  of  this  co^arltlva  invaatifation  tand  to  conflra  tha 
eonvantlooal  praetlea  In  chcoainf  aodal-to-tunnal  also  ratios  to  a^oid  largo  intarfaranca  affacta. 
c.  Ondar  cartaln  flow  eonditl<na  tha  aalttad  and  raflactad  praaaura  dlaturbanca  naat  at  tha  oscillating 
nodal  aurfaea  in  ^poalta  i^aaa*  producing  a  praaaura  nods  thara.  A  standing  wava  pattam  la  gan- 
aratad  tdilch  la  tha  causa  of  transaaraa  tunnal  raaonanca.  Usually  tha  lowast  raaonanca  fraquanciaa 
ara  of  practical  Inportsnca  <»ly  In  caaa  of  transonic  taat  conditions.  For  tha  idaalisad  caaa  of  two- 
diaanalonal  ualfom  naan  flow  and  althar  cloaad  or  ^an  walla.  al^>la  for«uIa*a  axlat  to  calculate 
tha  raaonanca  fraquanciaa.  lafaranca  9  explains  that  for  hoavganaoua  ventilated  walla  tha  resonance 
fraquanciaa  ara  in  bacwaan.  For  aora  cowplicatad  caaaa.  Ilka  thraa-dinanalonal  nodels.  lifting  con- 
ditlona  and/or  slotted  walla.  The  naan  flow  baconaa  strongly  nonhonogenaous  so  that  the  pressure 
waves  axpariance  substantial  diffraction*  refraction  and  scattering  influenced  also  by  the  acoustic 
characteristics  of  tha  planua  chai^ars.  Although  tunnel  resonance  has  been  denonstrated 
axparinantally  to  exist*  It  la  doubtful  In  nany  testa  whether  this  phenonanon  should  cause  anxiety. 
Tha  authors  did  not  encounter  It  in  any  HLR  unsteady  wlndtunnal  test. 


4.  AGAKD  SMP  ACTIVITIES 

In  a  discussion  of  the  accuracy  of  unsteady  wlndtunnel  testing  a  reference  may  not  be  onitted  to  the 
**Co^»andlua  of  Unsteady  Aerodynamic  Maasuremants**  (Ref. 2)  of  irtiich  the  composing  was  sponsored  by  the 
AGASD  Structures  and  Matarlala  Panel.  This  document  followed  tha  earlier  activity  of  the  SMP  to  define  the 
so-called  AGAKD  Standard  Configurations  for  Aeroelaatlc  Application  of  Transonic  Unsteady  Aerodynamics. 
These  configurations  (both  two-  and  thraadlmsnaional)  were  intendad  as  test  cases  in  the  evaluation  of 
methods  to  predict  transonic  unsteady  aerodynamics  and  aeroelaatlc  response.  The  Compendium  contributes  to 
this  evaluation  with  extansiva  sate  of  axpariswntal  data  for  most  of  the  standard  configurations. 

Tha  reason  of  referring  hare  to  tha  Compendlta  is  that  in  each  data  set  the  matter  of  data  accuracy  is 
raised  explicitly.  In  an  Introductory  chapter  Lambouma.  who  edited  the  Compendium*  Indicates  in  lAat 
light  tha  accuracy  should  be  viewed.  Re  remarks  that  the  steady  pressures,  flow  parameters*  etc.  are 
measured  accurately  enough*  but  that  the  unsteady  pressures  give  rise  to  concern.  Re  emphasises  that 
unsteady  pressure  maasuramants  Involve  the  separate  measurement  of  small  changes  in  pressure  and  small 
model  dlaplacamento  with  instrumentation  that  is  operating  normally  in  a  dynamic  environment.  Systematic 
maasuremant  errors  would  therefor*^  affect  easily  major  parts  of  tha  data  set.  Lambourne  concludes  his 
review  as  follows: 

*%fhareaa  tha  resolution  of  the  instrumantation  or  tha  day-to-day  repaatablllty.  both  of  which  set  limits 
to  tha  accuracy*  are  fairly  easy  to  determlna.  the  overall  accuracy  of  a  measurement  is  extremely 
difficult  to  quantify.  Usually  tha  most  that  can  be  expected  is  a  statemant  to  the  effect  that  the 
maasursmant  of  quantity  A  is  no  batter  than  x  parcant.  Such  statements  are  usually  made  on  personal*  and 
to  some  extent  intuitive*  aasesaments  based  on  the  sxperlenca  of  the  experimenter.  To  demand  more  would  be 
unreasonable,  for  a  thorough  analysis  of  possible  errors  could  easily  entail  as  much  irork  as  tha 
maasuramants  thamaelvas". 

This  situation  makes  presume  a  variety  In  quantitative  error  estimates.  Figure  19  shows  a  susmary  of 
accuracies  of  unsteady  pressure  coefficients  as  stated  by  the  contributing  authors  of  the  data  sets.  All 
included  seta  concern  pitching  type  oscillations.  The  figure  shows  Indeed  that  the  error  estimates  are 
rather  unequal,  while  estimates  for  data  sets  1  and  4  could  not  be  stated. 

In  view  of  all  other  error  sources  (see  sect.  3.2)  it  is  very  difficult  to  feed  these  error  estimates  back 
to  the  requirements  for  full-scale  aircraft  given  in  section  2.4.  in  an  attempt  to  enforce  some  opinion 
about  their  acceptability.  All  what  can  be  said  about  these  error  estimates  is  probably  that  no  strong 
argument  exists  to  reject  them. 

Finally,  an  activity  of  the  SMP  should  be  mentioned  which  started  Fall  1984*  to  compose  a  compendium  con¬ 
cerning  standard  aeroclastlc  configurations  for  transonic  aerodynamics  and  flutter  research.  The  intention 
is  to  collect  wlndtunnal  data  sets  for  validation  of  calculation  methods  for  dynamic  aeroelaatlc  charac¬ 
teristics  of  two-  and  thrae-diawnsional  configurations.  An  initial  choice  of  configurations  has  been  made 
already.  It  is  to  be  expected  that  the  matter  of  accuracy  will  emerge  in  a  similar  way  as  for  the  compen¬ 
dia  of  unsteady  aerodyiMmic  measurements. 


5.  FINAL  REMARKS 

During  tha  ACARD  SMF  maetlng  in  Fall  1986  a  workshop  was  organised  on  "Future  research  on  transonic 
unsteady  aerodynamics  and  its  aaroalastlc  applications" ,  chaired  by  Prof.  H  Fosrsching.  Various  research 
needs  vara  identified*  from  idiich  the  following  subjects  being  relevant  here  are  taken  over: 

a.  Theory 

-  wlndtunnel  wall  effects 

b.  Modal  tasting 

-  2-0  pitch/plunge  flutter  tests  and  measuremsnt  of  related  unsteady  aero  coefficients 

-  (histeady  pressure  measurements  at  high  Reynolds  No. 

-  Analysis  of  model  cast  results  of  low  vs.  high  R«  number  facili, lea  and  vs.  aircraft  Re  numbers 

-  Wlndtunnel  wall  and  resonance  effects  -  how  significant? 

Further,  as  activities  in  a  5-  to  6-yaar  working  progrM  it  was  suggastad  (amongst  others)  to  monitor 
Chase  subjaets  by  means  of  pilot  p^ars*  and  to  organise  a  FDP-SKP  Symposium  on  transonic  unsteady 
aerodynamics  and  its  asroalastie  applications  in  1990/91.  Bopafolly  tha  present  paper  has  contributed  to 
stlmulaclng  such  a  future  eo-oparatlon  of  both  Panels. 
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Fig.  10  Principle  of  dmtm  reduction  procedure 


Fig.  11  Flutter  boundnrlee  of  eupercrltlcel  wing 
•eal-apnn  vindtuanel  aodel  ehowlng 
enOMloue  behariour  at  lov  total  preaaure 

(a  la  aean  incidence  at  wing  root) 
o 


Fig.  12  Unateadj  llM  coefficient  on  NLR  7301 
airfoil  wltV  oaclllating  flap,  ahoelag 
the  effect Af  tranaltlon  point  fixation 
la  aeanAncldence) 
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TRANSITION  POINT  SHIFT  (NATURAL  TRANSITION) 


Fig.  13  9u«si-8tea<ly  lift  coefficient  end  treneition  point 

dlepleceaeat ,  ehoelng  the  effect  of  treneition  point  fixation 


f 


I 
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Fig.  IS  Unsteady  aerodynaaic  coefficlentB  of  a  12%  thick  supercritical 
airfoil  oscillating  In  pitch  about  0.45  C  pitching  notion 


Fig.  16  NOfiA  nodal  and  rotary  oscillator  (dlnansions  In  n) 
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0.  IS  CHARACTERISTIC  AMPLITUDE  OF  ■  pp'P. 

pitching  type  motion 

ONLY  positive  ERROR  VALUES  SHOWN 

data  SETS  1  AND  4  NOT  STATED 

Pi*.  19  CoaparlBon  of  son  occurtclOB  of  unBteady 
pressure  coeftlcieot*  stated  in  Ref.  2 
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SYlCXriClkTIOMS  PJJLTlCVLintlS  COHCndlMT  hits  HBSVLTJkTS 
DBS  BS8AX8  BB  SOUrFLBItXB  POUR  LA 
MBCANXQDB  DU  VOL 


par  Marc  PIANKO 

avec  la  collaboration  de  Dominique  TRISTRANT  pour  la  2^me  partie 
ONBRA'IMFL  -  5  boulevard  Paul  PainlevA  -  59809  Lille.  FRANCE 


resume 


L* Ob jet  de  la  pr^sente  coBaunication  eat  da  cerner  certains  beaoins  et  presenter  des 
reconnandationa  concernant  la  quality  et  la  precision  des  mesures  en  soufflerie  analyses 
du  point  de  vue  de  la  H^canique  du  Vol.  A  cet  effet.  dans  une  premiere  partie  1’ auteur 
6tudie  quantitativeaent  1* influence  d'une  imprecision  relative  4  une  caracteristique 
aerodynasique  aur  le  comporteaent  en  vol  de  1 'avion.  Cette  influence  conduit  4  la  notion 
de  sensibilite  attachee  4  cheque  coefficient  aerodynamique  et  4  la  possibilite  d'un 
classement  de  ces  coefficients  en  fonction  du  besoin  de  precision  qui  leur  est  attache. 

Dans  une  deuxieme  partie  sont  examines  les  probiemes  tres  particuliers  que  pose  le 
vol  aux  grands  angles  (incidence  et  derapage) .  Dans  ce  domaine,  les  effets  aerodynami- 
ques  ne  peuvent  plus  Atre  consideres  comme  lineaires.  le  comporteaent  de  1* avion  subit 
fortenent  Inaction  de  phenomenea  instationnaires  et  les  perturbations  (parols,  supports, 
etc...)  ont  souvent  une  influence  de  tres  grande  amplitude.  De  ce  fait  la  principale 
difflculte  dans  ce  domaine  de  vol  aux  grands  angles  n'est  pas  I'obtention  d'une  grande 
precision  nais  la  possibilite  meme  d'une  caracterisation  adequate  de  1 'avion. 

Dana  la  derniere  partie.  par  le  biais  d'une  enquete  effectuee  aupres  des  principaux 
utillsateurs  des  souffleries,  sont  examinees  les  difficultes  qui  se  presentent  4 
1  * utilisateur  des  souffleries  au  cours  du  developpement  d'un  avion.  On  analyse  egalement 
les  ameliorations  qui  sont  demandees  aux  souffleries  ainsi  que  les  perspectives  offertes 
aux  souffleries  4  moyen  terme. 


IWTRODUCTIQH 

L'expose  qui  suit  eat  le  r6sultat  de  I’invitation  faite  par  le  Panel  FDP,  organisa- 
teur  du  present  symposium,  au  Panel  FMP  de  presenter  sa  contribution  sur  le  sujet  des 
qualites  et  caracteristiques  des  essais  en  souffleries. 

Le  titre  en  explicite  I'objet  :  specifications  particulieres  concernant  les  resul- 
tats  des  essais  en  soufflerie  pour  la  mecanique  du  vol. 

II  aerait  souhaitable  de  commencer  par  edairer  et  commenter  I'objet,  les  objectifs 
et  la  notion  du  present  expose.  Tout  d'abord  qu ' appelle-t-on  "Mecanique  du  Vol”  ?  Et  en 
quo!  les  besoins  de  la  Mecanique  du  Vol  se  particularisent-^ils  par  rapport  aux  autres 
besoins  ? 

a)  L'objectif  essentiel  des  etudes  ayant  trait  4  la  Mecanique  du  Vol  est  la  previ¬ 
sion  du  comportement  dynamlque  de  1' avion.  Pour  cela,  il  y  a  lieu  de  definir  des 
"iRodeies  de  representation  et  de  prevision”  du  comportement  de  I'aeronef,  pour  ensuite 

les  etudier  et  les  exploiter  :  elaboration  de  lois  de  pilotage  et  du  systeme  de  comman- 

des  de  vol,  calcul  des  performances,  determination  des  qualites  de  vol.  Dans  cette 
optique  1 'avion  est  un  systems  integre  1 ' aerodynamique  et  les  structures  interagls- 
sent.  Alors  que  1 ' aerodynamicien  s ' interessera  plus  4  la  notion  de  I'ecoulement  et  4  ses 

differentes  caracteristiques,  le  mecanicien  du  vol  sera  plut6t  interesse  par  I'effet  de 

celui-ci  sur  I'avlon.  Tous  deux  utiliseront  bien  sOr  des  supports  experimentaux  et  en 
particulier  les  essais  en  soufflerie,  cependant  les  objectifs  seront  differents.  Le 
premier  effectuera  des  mesures  souvent  deiicates  :  mesures  de  pression,  visualisations 
instationnaires,  pes^es  locales,  etc...  afin  de  connattre.  de  comprendre  la  structure 
intime  des  4coulement8  et  afin  d'en  d4duire  les  lois  qui  les  r4gissent.  Le  second  se 
pr4occupera  surtout  de  I'effet  global  du  fluide  sur  le  v4hicule  4tudi4  et  roesurera  le 
torseur  aerodynamique  au  moyen  d’une  balance  specif ique. 

Cela  ne  veut  pas  dire  que  le  mecanicien  du  vol  s' interesse  uniquement  au  torseur 
aerodynamique.  Notre  interBt,  en  tant  que  mecanicien  du  vol,  est  concentre  sur  le 
comportement  global  du  vehicule  quand  ce  comportement  peut  dtre  schematise  et  globalise 
bien  que  resultant  d* interactions  multiples.  La  figure  1  illustre  ces  interactions 
specif iques  de  la  Mecanique  du  Vol.  Le  probieme  de  la  precision  sur  la  connaissance 
aerodynamique  n'est  qu'un  sous-ensemble  du  probieme  general  concernant  la  Mecanique  du 
Vol. 


Nous  excluons  de  notre  interSt  tous  les  essais  d’eiements  partiels  tels  que  les 
essais  d'entree  d'air  ou  de  tuyere.  Bien  que  de  tels  essais  soient  souvent  effectues 
dans  lea  souffleries  nous  avons  estime  qu'ils  ne  seraient  pas  consideres  comme  essen- 
tiellement  des  essais  pour  la  Mecanique  du  Vol. 

b)  Pour  des  raisons  pratiques  et  de  longueur  de  l'expose.  nous  n' avons  pas  etudie 
les  probiemes  de  tous  les  types  de  vehicules  aeriens  qui  font  appel  aux  essais  en 
soufflerie.  Nous  nous  sommes  limites  aux  aviona  de  transport  et  avions  de  combat. 


c)  Enfin,  nous  nous  somnes  int6rsss6s  aux  besoins  des  utilisateurs  princlpaux  des 
souffleries,  qui  sent  les  industrials  a6ronautlques .  M^anisolns,  les  besoins  pour  les 
essais  da  recherche  ont  ^qalenent  analyses  dans  la  nesure  oCi  cette  recherche  est 

ax4e  vers  la  M^canique  du  Vol.  Dans  ce  contexte  notre  souci  a  de  presenter  une 

approche  synth^tique  qui  explicite  les  besoins  et  surtout  les  raisons  des  besoins  des 
utilisateurs  das  souffleries.  Notre  expose  conprend  trois  parties  : 

1.  Considerations  sur  la  sensibilite  des  parametres  de  la  M^canique  du  Vol 

2.  Probl^mes  partlculiers  da  la  M^caniqua  du  Vol  aux  grands  angles 

3.  Besoins  g^n^raux  pour  la  M^canique  du  Vol  (actuels  et  perspectives) 


1  -  CONSIDERATIONS  SUR  LA  SBNSIBILITB  DES  PXRAMSTRES  DE  LA  MECANigUE  DU  VOL 

L*objet  de  la  M^canique  du  Vol  6tant  le  conportement  en  vol  de  I'avion,  il  est 

Evident  que  la  precision  dont  a  besoin  le  n^canicien  du  vol  depend  de  la  mani^re  dont 
eat  modlfi^  le  comportenant  de  1* avion  par  suite  d'une  m^connaiasance  des  caract6risti- 
ques  aArodynaniques  de  l*avion.  Dans  le  present  chapltre  on  se  propose  de  quantifier  la 
nodification  du  comportenent  de  1* avion  resultant  d'une  erreur  aur  le  module  math^mati- 
que  de  I'avion,  qui  peut  provenir  par  example  d'essais  en  soufflerie. 

II  nous  semble  utile  au  pr^alable  de  presenter  les  notations  et  les  concepts  dont 
nous  allons  parler.  Ceci  est  fait  sur  les  figures  2  4  5> 

L'objet  d'6tude  du  m^canicien  du  vol,  le  comportement  de  I’avion,  est  d^crlt  par  le 

vecteur  d'etat  X  dont  les  composantes  sent  ;  u,  v,  w,  p,  q,  r,  0,  O. 

Apr^s  linearisation.  l*equation  du  vecteur  d'etat  X  s'ecrit  : 

(1) 

oCi  E(t)  est  I’action  aur  lea  gouvernea,  A  et  B  sont  des  matrices  fonction  des  coeffi¬ 
cients  Cj  (Cx» .  Cxa 

Si  1 ' on  se  donne  E{t)  I'action  sur  les  gouvernes  et  des  conditions  initiales  on  peut 
integrer  I’equation  et  obtenir  le  vecteur  d'etat  XU),  c ’ est-4-dire  sea  composantes 
xi  (t)  (u,  V,  w.  .  . ) , 

Le  probieme  que  nous  nous  poaons  est  le  suivant  :  comment  quantifier  la  distance 
entre  le  vecteur  X(t)  caXcuie  avec  un  jeu  de  coefficients  Ci  , . .  et  le  vecteur  X'(t) 
calcuie  avec  les  memes  coefficients,  sauf  I’un  d’entre  eux.  C>  ,  qui  serait  devenu  Ci  + 

On  calculera  cette  distance  entre  X(t)  (dont  les  composantes  sont  Xj  (t))  et  X’(t)  (de 
composantes  xj  (t)  A  xj  (t))  par 


T  4tant  la  dur4e  du  vol  consid6r€. 

A  chaque  coefficient  Ci  on  peut  faire  correspondre  ainsi  une  sensibility  S»  d^finie 
comme  : 


La  signification  de  Sj  est  la  suivante  :  un  coefficient  Ci  dont  la  sensibility  S. 
est  grande  doit  dtre  connu  avec  une  qrande  prycision  car  une  faible  erreur  sur  Ci  va 
entratner  une  grande  erreur  (St  fois  plus  grande)  sur  le  vecteur  d'ytat  X(t)  et  sur  le 
vecteur  dyrivy  XCt).  Inversement  un  coefficient  dont  la  sensibility  S»  est  trys  petite 
n'a  pas  besoin  d'fitre  connu  avec  une  grande  prycision  car  I'errour  sur  le  vecteur  d’ytat 
X(t)  sera  trya  faible. 

Pour  calculer  les  Sj  il  faut  se  donner  un  modyie  d'avion,  e'est-y-dire  les  matrices 
A  et  B.  se  choisir  une  action  sur  les  gouvernes  E(t)  et  des,  conditions  de  vol  (condi¬ 
tions  initiales,  configuration  de  I'avion).  Il  faut  ensuite  intygrer  I’yquation  (1)  avec 
C,  puis  avec  Ci  ^Ci  ,  et  calculer  S>  . 

Il  s’ensult  done  que  la  sensibility  S<  ,  e'est-i-dire  la  pr6cision  avec  laquelle  doit 
Stre  connu  un  coefficient  Ci  .  dypend  en  principe  : 

-  du  type  d’avion, 

-  des  conditions  de  vol  (croisiyre,  dycollage,  etc.,.), 

-  des  actions  ou  des  sollicitations  sur  les  gouvernes. 


Les  calcula  ([15])  ont  6t4  effectu^s  pour  deux  types  d’avion  : 


-  un  avion  de  transport, 

-  un  avion  d'arnes  k  aile  delta. 

Pour  cheque  type  d 'avion  plusieurs  types  de  sollicitations  de  gouvernes  ont  Atd 
utilises.  Pour  cheque  coefficient  Si  nous  avons  retenu  la  valeur  de  Si  qui  est  maximale 
parmi  toutes  les  sollicitations.  Les  coefficients  Ci  ont  6t6  classes  en  trois  groupes  : 

ler  or oupe  :  Les  coefficients  dent  les  sensibilitis  sont  infirieures  h  0,1.  On  peut 
admettre  que  ces  coefficients  peuvent  0tre  n^glig^s. 

20ae  aroune  :  Les  coefficients  dont  lea  sensibillt^s  sont  comprises  entre  0,1  et 
0,4.  Ces  coefficients  ne  peuvent  6tre  n6glig6s  mais  on  peut  ae  satisfaire  pour  eux  d'une 
precision  relativement  modeste. 

30me  groupe  :  Les  coefficients  dont  les  sensibilit4s  sont  sup^rieures  h  0,4.  Ces 
coefficients  doivent  4tre  connus  avec  une  grande  precision. 

La  figure  6  donne  le  r4sultat  du  claasement.  On  peut  faire  4  ce  sujet  les  remarques 
suivantes  : 

a)  Bien  que,  pour  de  nombreux  coefficients,  le  groupe  soit  le  mdme  pour  1* avion  de 
transport  et  1* avion  d'armes,  on  constate  des  differences.  Xlnsi  Cir  (efficacite  de  la 
direction  pour  la  force  lat4rale)  peut  Btre  n4glig4  pour  1' avion  de  transport  mais 
beaucoup  moins  pour  I'avion  d'armes.  Cy5i  (efflcacit4  des  ailerons  pour  la  force 
lat4rale) ,  tr4s  important  pour  I’avion  de  transport,  peut  6tre 

n4glig4  pour  I’avion  d'armes.  L’ Influence  du  type  d* avion  est  4galement  visible  sur 

Cl  a. ,  cx. ,  cii. 

b)  M0me  pour  des  coefficients  classes  dans  le  mBme  groupe  il  peut  arriver  que  la 
valeur  de  la  sensibility  differs  notablement.  Ainsi  le  Cz •  classy  dans  le  groupe  3  pour 
les  deux  types  d’avion  a  une  sensibility  de  1,23  pour  I’avion  d’armes  et  de  10,6  pour 
I'avion  de  transport. 

c)  La  mythode  de  clasaement  des  coefficients,  en  retenant  la  valeur  maximale  de  Si  , 
a  effectuy  un  filtrage  qui  a  attynuy  fortement  les  influences  de  la  trajectolre  ou  des 
sollicitations  des  gouvernes.  Par  example  le  Clr  (influence  du  lacet  sur  le  moment  de 
roulis)  est  classy  pour  I’avion  de  transport  dans  le  groupe  3  4  cause  de  la  sensibility 
durant  1 ' atterrissage .  Mais  cette  sensibility  est  divisye  par  trois  pour  la  phase  de  vol 
de  croisiyre. 

d)  On  peut  imaginer  qu'il  existe  d'autres  types  de  sollicitations  non  testys,  qui 
feraient  remonter  1’ importance  de  certains  paramytres  classys  dans  le  groupe  1  ou  le 
groupe  2.  II  pourrait  s’agir  soit  de  sollicitations  directes  sur  les  gouvernes,  soit  de 
turbulences . 

e)  Le  classement  en  trois  groupes  des  coefficients  Ci  ryduit  beaucoup  la  finesse 
d ’ appryciation  de  la  prycision.  Ainsi  le  coefficient  Cyp  est  classy  dans  le  premier 
groupe  (coefficient  nygligeable)  avec  une  sensibility  ygale  4  0,07  alors  que  le  Ci 0  est 
classy  dans  le  groupe  2  (importance  moyenne)  avec  une  sensibility  trys  voisine  (ygale  4 
0.1). 


f)  Les  valeurs  des  sensibilitys  qui  ont  conduit  au  tableau  de  classement  proviennent 
d'un  calcul  compiytement  linyarisy  (modyie  d'avion  et  yquations) .  II  eat  bien  yvident 
que  cette  simplification  peut  introduire  des  erreurs.  De  plus,  comme  on  le  verra  dans  la 
deuxiyme  partie,  la  Hycanique  du  Vol  aux  grands  angles  ne  peut  certainement  pas  Btre 
linyarisye.  Les  besoins  de  prycision  pour  la  Hycanique  du  Vol  aux  grands  angles  doivent 
ytre  traitys  4  part. 

g)  Le  paramytre  choisi,  et  ,  pour  quantifier  I'ycart  entre  deux  vecteurs  d'ytat  peut 
ygalement  dtre  sujet  4  discussion.  Le  fait  de  prendre  la  somme  de  toutes  les  grandeurs 
d’ytat,  y  compris  les  dyrivyes,  donne  une  certaine  image  de  la  sensibility.  Cette  image 
pourrait  ytre  modifiye  avec  un  autre  paramytre  (par  example  sans  tenlr  compte  du  vecteur 
d’ytat  dyrivy) . 

La  conclusion  de  ce  qui  pryedde  peut  6tre  formuiye  comme  suit  :  les  coefficients  du 
groupe  1  peuvent _§ tre  connus  de  facon  sommaire.  voire  nyqliqys.  ceux  du  oroupe  2  doivent 

connus _ avec  une  prycision  moyenne,  et  ceux  du  groupe  3  myritent  d’etre  dyterminys 

avec  une  grande  prycision. 

Cependant,  cette  conclusion,  qui  doit  dyj4  Btre  attynuye  4  la  lumiyre  des  remarques 
qui  prycydent,  risque  d'Btre  fortement  mise  en  cause  dans  le  cat  d'un  avion  yquipy  d'un 
systyme  de  commandes  de  vol  strictement  yiectriques.  Bn  effet  dans  ce  cas  (cf  [14])  le 
comportement  en  vol  de  I'avion  dypend  moins  de  ses  caractyristiques  ayrodynamlques  que 
des  lots  de  contrdle  introduites  dans  le  systyme  de  commandes  de  vol.  La  prycision  avec 
laquelle  on  souhaite  connattre  les  paramytres  ayrodynamlques  est  compiytement  modifiye. 
Quelques  examples  seront  fournis  ultyrieurement . 
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2  -  PROBLEMBS  PARTICULlgRS  PE  LA  MECAWIQUB  DU  VOL  AOX  GRAWPS  ANGLES 
Fhinominea  a^rodvnanioues  associ^s  aux  orands  angles 

Le  donaine  de  vol  oii  lea  incidences  sont  ^lev^es  pose  des  probl^mes  divers  dans  la 
determination  du  torseur  aerodynanique  k  partir  d'essais  en  soufflerie. 

Le  premier  d'entre  eux  tient  k  la  nature  decoliee  de  I'^coulement  reproduit  en 
soufflerie.  Des  phenonenes  non  linealres,  voire  discontinue,  apparalssent  alors  souvent, 
ils  sont  typiquement  lies  au  domaine  des  grands  angles.  Nous  pouvons  en  citer  quelques 
uns  : 


'  lea  dissymetries  d’ecoulements  liees  k  1' apparition  de  vortex  aux  extremes  pointes 
avant  des  fuselages  ou  des  missiles, 

-  lea  eclateroents  tourbillonnaires  sur  les  ailes  en  fieche  ou  ailes  delta, 

-  les  metastabilites  des  ecoulements  traduites  par  des  effets  d 'hysteresis  impor- 
tants . 

Ces  caracteristiques  aerodynamiques  ont  ete  etudiees  depuis  plusieurs  annees  et  un 
nombre  considerable  d ' informations  existe  sur  ces  questions. 

S'ils  sont  decrits,  illustres,  voire  expliques  dans  la  litterature,  leurs  impacts 
sur  les  parametres  de  stabilite  et  sur  les  qualites  de  vol  de  I'avion  n'en  posent  pas 
moins  de  serieux  probiemes. 

Le  probieme  pratique  de  leur  prise  en  compte  au  travers  du  modeie  a6rodynamique  de 
I'avion  (ou  du  missile)  est  deje  deilcat  en  soi ,  mais  celui-ci  est  encore  secondaire 
devant  le  probieme  de  fond  de  la  stabilite  de  ces  ecoulements  tourbillonnaires  et  de 
leur  sensibilite  en  regard  de  certains  parametres.  L' influence  du  nombre  de  Reynolds  sur 
les  efforts  lateraux  d'une  ogive  ou  pointe  avant  peut  Stre  predominant©  et  modifier  k  la 
fois  I'incidence  d'apparition  de  ces  efforts  lateraux  et  leurs  intensites  (figure  7).  De 
meme,  l'6tat  de  surface  de  la  maquette  peut  avoir  un  effet  non  negligeable  sur  I’effort 
lateral  trouve.  Des  mesures  effectuees  par  Champigny  sur  une  configuration  ogive- 
cylindre  ont  montre  que  cet  effort  lateral  dependait  etroitement  du  positionnement  en 
roulis  de  la  maquette  meme  si  celle-ci  etait  symetrique  de  revolution  et  si  son  6tat  de 
surface  etait  realise  avec  une  finition  de  I'ordre  du  micron  (figure  8).  Malgre  une 
telle  precision,  I'hypothese  que  I'effet  de  I'angle  du  roulis  sur  la  dissymetrie 
d'ecoulement  soit  dCl  k  une  micro-deformation  geometrique  semble  confirmee.  L'etat  de 
surface  intervient  egalement  au  niveau  de  la  stabilite  de  1 ' ecoulement .  Champigny.  alnsi 
que  d'autres  auteurs,  ont  montre  qu'un  etat  de  surface  rugueux  pouvait  conduire  e  des 
phenomenes  aerodynamiques  instables  (figure  8) .  La  repetabilite  des  essais  est  en  effet 
blen  moins  bonne  lorsque,  en  certains  endroits  bien  localises,  la  surface  est  rugueuse. 
On  peut  done  se  poser  la  question  de  1 ' utilisation  de  ces  donnees  experimentales  pour  le 
comportement  de  I'avion.  Vu  la  complexite  et  la  sensibilite  de  ces  phenomenes.  la 
transcription  des  resultats  de  la  soufflerie  au  vol  grandeur  apparait  fort  delicate. 
Comment  utiliser  correctement  pour  I'avion  ces  donnees  provenant  de  la  soufflerie  ? 
Pourtant,  celles-ci  ne  peuvent  etre  negligees.  Les  efforts  lateraux  et  couples  induits 
par  les  phenomenes  sont  d'ailleurs  souvent  bien  plus  importants  que  ceux  obtenus  k 
I'aide  des  gouvernes,  et  il  est  clair  que  leur  influence  sur  la  stabilite  de  I'avion 
sera  considerable.  A  ce  titre  on  peut  d'ailleurs  signaler  que  de  telles  dissymetries 
aerodynamiques  peuvent  Stre  la  cause  de  vrilles  parfois  hyperstables .  II  a  ete  montre  k 
I'IMFL,  k  partir  d'essais  sur  maquette  en  soufflerie  verticale,  que  I'existence  d’un 
ecoulement  de  pointe  avant  de  nature  dissymetrique  conduisait  k  favoriser  une  vrille 
lente  et  priviiegiait  fortement  un  sens  de  rotation  particulier  [103  .  Une  etude  specif!- 
que  effectuee  sur  une  maquette  d'avion  d'armes  typique  a  permis  de  reconnaitre  en  vrille 
libre  (soufflerie  vertidale)  I'effet  de  differentes  geometries  de  pointes  avant.  Celles- 
ci  ont  pu  etre  classees  en  fonction  de  leur  effet  sur  les  vrilles  et  sur  la  recuperation 
(figure  9>  .  Le  probieme  de  la  precision  des  mesures.  et  done  du  modeie  aerodynair.ique 
utilise,  apparaltrait  ici  derisoire  en  regard  du  problem©  de  la  qualite  de  la  mesure  et 
de  la  bonne  representativite  du  noddle  aerodynamique .  A  ce  titre,  on  peut  signaler  qu'd 
haute  incidence  la  contribution  de  1 ' instationnaire  sur  la  portance  peut  etre  de  I'ordre 
de  50  %  de  sa  portance  maximale,  voire  beaucoup  plus  [123 ■ 

Phenomenes  dynamiques  en  soufflerie 

Jusqu'A  present  nous  avons  evoque  les  phenomenes  aerodynamiques  complexes  associes 
aux  grandes  incidences,  mais  qui  se  produisaient  sur  un  corps  fixe  en  soufflerie.  e'est- 
A-dire  effectuant  un  simple  mouvement  de  translation  par  ra.>port  au  vent  inf ini  amont . 
Or,  la  realite  k  haute  incidence  est  souvent  trds  differente  dans  la  mesure  oCi  dans  la 
zone  post-decrochee .  les  qualites  en  stabilite  de  I’avion  s©  trouvent  souvent  degradees. 
Ainsi  les  passages  k  haute  incidence  s ' accompagnent-ils  trds  souvent  de  mouvements 
dyramiques  de  I’avion.  Ces  phenomenes  mecaniques  peuvent  presenter  un  caraetdre  perma¬ 
nent  ou  oscillatoire  comme  par  exemple  les  differents  types  de  vrilles  (plates  ou 
piquees,  calnes  ou  agltees) ,  les  autotonneaux,  le  wing  rock,  ou  un  caractere  purement 
transitoire  et  instationnaire  comme  les  pertes  de  contrble,  le  decrochage  dynamique,  les 
mises  en  vrille  ou  les  sorties  de  vrille. 
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Dans  toua  ces  cas.  laa  effeta  dynaniciuea  deviennent  importants  et  ne  peuvent  6tre 
n^ylig^s.  Lora  d'esaaia  an  aoufflarie,  lea  parols  et  structures  du  montage  existent 
parturbant  la  champ  a^rodynaaigua  de  fagon  particuli^rement  sensible  lorsgue  I'^coule- 
aent  eat  d6coll^  at  instable.  Cea  effets  peuvent  §tre  non  n^gligeables  en  regard  de  ce 
gui  ae  produirait  aur  un  avion  plac^  en  atmosphere  infinie.  En  dynamigue  ces  effets  sont 
encore  souvent  plus  margu^s.  La  complexity  dea  dcoulements  ayrodynamiques  haute  inci¬ 
dence  se  trouve  encore  accrue  par  le  mouvement  dynamique  de  1' avion  et  conduit  les 
mycaniciena  du  vol  et  ayrodynaraiciens  k  concevoir  des  installations  spyciflques  ou 
certaina  de  ces  effets  peuvent  ytre  mesurys.  II  s'agit  en  particulier  des  balances 
rotatives  (figure  10)  simulant  des  mouvenents  de  rotation  continue  analogues  k  la  vrille 
atationnaire  ou  au  tonneau  pur  et  les  montages  en  oscillation  (figure  11^  permettant 
d'yvaluer  certaines  caractyristigues  instationnaires  de  I'ycoulement  sur  le  corps. 

Cepandant ,  ces  diffyrents  montages  posent  des  probiymes  suppiymentaires  dans 
1* analyse  et  1 ' exploitation  des  mesures.  Lea  probiymes  yvoquys  prycydemment  en  matiyre 
de  conditions  de  similitude  pour  les  ycoulements  dycoliys,  se  trouvent  renforcys  par 
ceux  liys  k  la  repryaentation  des  conditions  limitea  lore  de  mouvements  dynamiques.  Les 
effeta  de  parois  se  trouvent  accentuys  par  la  mouvement  du  sillage  de  la  maquette  dans 
la  soufflerle  lors  de  mouvements  tels  que  les  oscillations  ou  rotations  des  maquettes. 
Les  perturbations  gynyryes  par  les  ycoulements  dycoliys  se  dyplacent  transversalement  k 
I'axe  de  la  soufflerie,  atteignent  les  parois,  se  ryf lychlssent  sur  celles-ci  et 
reviennent  perturber  le  champ  de  la  maquette  aprys  un  certain  dyiai  At.  Une 
interaction  instationnaire  maquette  parois  existe  alors  et  celle-ci  ost  caractyrisye  par 
un  temps  de  retard  At  associy. 

En  plus  des  effets  dit  de  parois  proprement  dits.  d’autres  induits  par  toutes  les 
parties  fixes  du  montage  (supports,  carynages  de  moteurs...)  interviennent  ygalement . 
Ces  surfaces  ne  sont  pas  entrainyes  en  mouvement  avec  la  maquette  contrairement  au 
sillage  dynamique  qui  interagit  pyriodiquement  k  chacun  de  ses  passages  et  crye  des 
causes  suppiymentaires  d’erreurs  d'estimation  et  d' instabilitys  de  1 ’ ycoulement . 

Les  vortex  gynyrys  par  un  avant-corps  peuvent  interagir  avec  le  m&t  ou  le  dard 
supportant  la  maquette,  en  particulier  aux  trys  grands  angles  d' incidence  lorsque  cos 
vortex  deviennent  dissymytrigues .  Ainsl  des  ycarts  ont  pu  ktre  relevys,  mftme  en  statique 
(la  maquette  ytant  fixe  dans  la  soufflerie),  entre  les  mesures  effectuyes  dans  les  mymes 
conditions  mais  pour  deux  types  diffyrents  de  liaison  maquette-montage.  Malcolm  et 
Schiff  [3)  ont  pu  comparer  des  mesures  effectuyes  k  grande  incidence  en  montage  arriyrc 
(par  dard)  avec  celles  ryalisyes  en  montage  par  I'^xtrados  (mkt  sur  le  dessus  du 
fuselage)  pour  deux  angles  de  calage  de  la  maquette.  Des  ycarts  notoires  ont  pu  ytre 
relevys  partleuliyrement  sur  le  moment  de  lacet  (figure  12).  On  comprend  asset  blen  que 
1 ' interference  sur  le  bras  support  d'une  paire  de  vortex  dissymytrigues  sera  importante 
pour  la  configuration  montage  par  le  dessus  oO  Ic  m&t  se  trouve  &  proximity  de  I'ycoule- 
ment  tourblllonnaire  sur  I'extrados. 

Les  ydatements  tourbillonnaires  d'une  aile  en  fleche  peuvent  ytre  ygalement 
fortement  influencys  par  le  type  de  support  de  la  maquette.  Des  diffyrences  i.Tportantes 
peuvent  alors  ytre  notyes  sur  I'yvolution  des  coefficients  latyraux  en  fonction  du 
dyrapage  (figure  13). 

On  comprend  ygalement  que  tous  ces  effets  prycitys  pryoccupent  beaucoup  les  myc^ni- 
ciens  du  vol  car  ils  ne  sont  pas  nygligeables  qualitativement  et  quantitativement .  Leur 
influence  sur  les  calculs  d'4quilibre  peut  ytre  de  toute  premiyre  grandeur  et  conduire  k 
des  fausses  ou  mauvaises  conclusions  quant  au  vol  de  1 'avion.  Pour  un  missile  il  a 
ygalement  yty  dymontry  qu'un  montage  par  dard  ou  m&t  pouvait  cryer  une  interfyrence  avec 
le  sillage  tourblllonnaire  aux  grands  angles  d' incidence  et  perturber  trys  sensiblement 
la  force  normale  mesurye  en  soufflerie. 

De  plus,  le  couplage  entre  le  mouverent  de  I’ayronef  et  la  stricture  de  1 ' ycoulement 
tourblllonnaire  dissymytrique  peut  ytre  trys  fort,  bien  plus  fort  encore  qu'en  statique. 
Le  sillage  de  ces  vortex  peut  ygalement  interagir  &  I'aval  sur  les  parties  arriyre  de 
1' avion  (empennages,  dyrive)  et  induire  des  interf yrences  sur  ces  surfaces  fondamentales 
pour  le  contrdle  et  la  stability  de  1 'avion. 

Prypccupations  en  terme  de  Mycanique  du_  Vol  haute  incidejice 

Avant  toutes  choses  il  convient  de  syparer  les  pryoccupations  en  deux  classes  bien 
diffyrentes  mais  qui  n'en  sont  pas  moins  importantes  I'une  et  1 'autre.  Les  pryoccupa- 
tlons  haute  incidence  de  I’aviation  de  transport  et  de  1 'aviation  gynyrale  sont  k 
distinguer  de  celles  liycs  aux  avions  de  combat.  Au  cours  de  la  vie  d'un  avion  de 
transport  les  passages  &  haute  incidence  ne  rAsultent  que  de  clrconstances  accidentelles 
et  trAs  rares.  La  pryoccupation  principals  est  celle  de  la  sycurity  du  vol  et  de 
I'avion.  Ainsi,  I’attention  du  mycanicien  du  vol  sera-t-elle  tournye  vers  les  possibi- 
litys  de  retour  &  basse  incidence  lors  de  ces  cas  exceptionnels  tels  que  les  vrilles. 
Les  principaux  sujets  d'intyryt  seront  done  la  bonne  connaissance  des  limites  du  domaine 
de  vol  piloty  et  contrdiy  ainsi  que  la  bonne  connaissance  des  stabilitys  des  vrilles  et 
de  I'efficacity  des  gouvernes  pour  obtenir  le  retour  aux  faibles  incidences.  Aussi  des 
essais  en  soufflerie  verticale  sont-ila  effectuys  sur  maquette  pour  ytudier  les  vrilles 
et  les  consignee  &  appliquer  en  cas  de  mise  en  vrille  accidentelle .  L’attention  est 
alors  tournye  sur  la  validity  et  la  bonne  reprysentatlvity  de  ce  type  d'essais. 
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Or  8ur  des  configurations  particuli^res  d' avion  16gers,  des  cas  de  mauvaises 
correlations  vol-aouf flerie  ont  pu  6tre  constates  en  ce  qui  concerne  le  probieme  de  la 
vrille.  L'effet  du  nombre  de  Reynolds  sur  certaines  geometries  de  profil  k  haute 
incidence  apparatt  une  preoccupation  inportante  des  mecaniciens  du  vol  car  des  discor¬ 
dances  iaportantes  sur  lea  vrilles  et  les  recuperations  obtenues  en  vol  et  en  soufflerie 
verticale  ont  ete  rapportees.  Ce  probieme  reste  I'objet  d'etudes  aux  U.S.A.  et  en 
Prance. 

Pour  1* avion  de  combat  le  probieme  est  tres  different  dans  la  mesure  oix  les  grandes 
incidences  font  partie  de  son  domaine  de  vol  conventionnel .  L' accent  est  alors  mis 
plutdt  sur  les  qualites  de  vol  k  haute  incidence,  sur  la  manoeuvrabilite  en  combat,  sur 
le  pilotage  au  voisinage  et  au-delA  du  decrochage. 

A  cet  effet  une  corrects  modeiisation  mathematique  des  efforts  aerodynamiques  dans 
tout  un  domaine  de  vol  impliquant  k  la  fois  les  grands  angles  (incidence  et  d6rapage)  et 
les  mouvenents  dynamiques  est  n^cessaire.  Vu  les  probl6mes  6voqu6s  pr6c6demment  en 
mati6re  de  caract6risation  et  mesure  aerodynamiques  en  soufflerie,  il  est  clair  que 
cette  tAche  eat  rendue  trAs  ardue.  Quand  bien  m6me  les  conditions  de  similitudes  et 
conditions  limites  seraient-elles  parfaitement  respectAes  et  maltrisAes,  1 ' elaboration 
des  modAlea  de  comportement  n*en  demeurerait  pas  moins  delicate.  M§me  s'ils  sont 
parfaitement  reproduits  en  soufflerie,  les  ecoulements  dAcolies  sont,  pour  les  mecani¬ 
ciens  du  vol,  le  siAge  de  : 

-  fortes  non  linAaritAs  vis-A-vis  de  1’ incidence,  du  dArapage,  des  vitesses  angu- 
laires  ou  des  braquagcs  de  gouvernes  (figure  14) , 

-  couplagea  entre  les  variables  longitudinales  et  transversales  (figure  15) . 

-  forts  effets  instationnaires  (tel  le  dAcrochage  dynamique)  qui  se  traduisent  par 
une  dependence  temporelle  des  coefficients  liAe  k  I’histoire  du  mouvement  de  1 ‘avion 
(figure  16) , 

-  effets  d'hystArAsis  typiques  du  comportement  non  linAaire  oil  I’on  peut  trouver 
plusieurs  Atats  d'Aquilibre  de  I’Acoulement  pour  une  mAme  configuration  de  1' avion 
(figure  17) , 

-  non  linAaritAs  en  termes  de  dArivAes  dynamiques  (figure  18). 

Ces  principales  caractAristiques  doivent  Atre  obtenues  correctement  en  soufflerie. 
Or,  hormis  les  probXAmes  liAs  au  respect  de  conditions  d’essais  similaires  k  celles  de 
1’ avion,  on  peut  constater  qu’une  bonne  connaissance  du  domaine  de  vol  exigera  un  grand 
nombre  d'essais  en  soufflerie.  En  effet  les  moyens  d ’ extrapolations  des  mesures  k  haute 
incidence  sont  trAs  limitAs  (mAthodes  de  calcul  ou  lois  de  comportement)  et  les  Avolu- 
tions  des  caractAristiques  aArodynamiques  sont  de  plus  k  la  fois  fort  non  linAaires  et 
dApendantes  d'un  grand  nombre  de  variables. 

La  connaissance  des  efforts  aArodynamiques  nAcessitera  done  une  profonde  exploration 
du  domaine  de  vol.  Celle-ci  devra  Atre  judicieusement  choisie  et  accompagnAe  d’une 
analyse  dAtaillAe  des  mesures  et  des  caractAristiques  aArodynamiques. 

Une  illustration  du  problAme  spAcifique  de  la  prAcision  k  haute  incidence  est 
AvoquAe  4  prAsent  k  partir  de  simulations  numAriques  de  la  vrille  sur  un  avion  de  combat 
classique.  A  partir  d’essais  en  soufflerie  un  modAle  aArodynamique  est  construit.  Celui- 
ci  fournit  les  valeurs  des  coefficients  aArodynamiques  (diffArents  de  ceux  dAcrits  dans 
la  premlAre  partie  car  le  modAle  ne  peut  Atre  linAarisA)  k  partir  des  valeurs  des 
variables  aArodynamiques  prAcitAes  :  incidence,  dArapage,  vitesses  angulaires  et 
braquages  de  gouvernes.  Ce  modAle  peut  done  Atre  introduit  dans  les  Aquations  du 
mouvement.  Ces  Aquations  dif f Arentielles  peuvent  Atre  intAgrAes,  elles  fournissent  alors 
en  fonction  du  temps  les  diffArentes  caractAristiques  du  mouvement  de  1 ‘avion,  A  savoir 
:  les  composantes  de  sa  vltesse,  les  composantes  des  vitesses  angulaires,  les  attitudes 
de  I'avion  par  rapport  au  sol  ou  A  la  trajectoire.  La  simulation  ainsi  AlaborAe  permet 
d’effectuer  des  prAvisions  sur  le  comportement  avion  en  domaine  dAcrochA  et  permet  d'en 
reconnaitre  les  caractAristiques  essentielles  vis-A-vis  des  phAnomAnes  "mAcanique  du 
vol"  AvoquAs  prAcAdemment .  en  particulier  les  vrilles. 

Un  premier  regard  peut  dAjA  Atre  tournA  vers  l’effet  des  gouvernes  en  vrille.  La 
vrille  est  un  mouvement  de  I’avion  caractArisA  principalement  par  une  incidence  AXevAe, 
par  une  composante  du  taux  de  rotation  non  nAgligeable  sur  le  vecteur  vitesse,  accompa- 
gnAs  d'une  descente  verticale  de  I'avion.  Etant  donnA  que  ce  mouvement  est  gAnAralement 
trAs  stable,  on  comprend  qu'il  est  dangereux  pour  la  sAcurltA  ^u  vol.  Cette  hyperstabi- 
litA  peut  A  la  limite  conduire  A  1 ' impossibilitA  du  retour  A  faible  incidence  A  I'aide 
de  commandes  de  vol . 

Cependant,  sur  les  avions  certiflAs  ii  est  possible  d'en  sortir  A  I'aide  des 
gouvernes.  Celles-ci,  et  en  particulier  le  gauchissement ,  sont  gAnAralement  efficaces 
vis-A-vis  de  la  vrille  et  permettent  d'obtenir  la  rAcupAration . 
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Or,  cet  effet  dea  gouv«rnea  n'apparait  pas  tou jours  de  facon  tr^s  nette  &  la  simple 
vue  des  courbes  provenant  de  la  soufflerie.  Les  gouvernes  ont  une  efficacit6  mesur^e  qul 
est  plua  r6duite  aux  grandes  incidences,  dans  le  domaine  de  la  vrille  (figure  19). 
Pourtant  cette  efficaciti  est  bien  retrouv^e  en  simulation  en  utilisant  ces  donn^es  de 
soufflerie.  Cela  d^nontre  done  que  le  probl^me  de  la  precision  des  mesures  se  pose  de 
fagon  sensible  puisqu’une  caract^ristique  importante  de  la  quality  de  vol  de  I'avion  k 
haute  incidence  (sortie  de  vrille)  est  trouv^e  k  partir  d'un  effet  mesur^  en  soufflerie 
qui  est  relativement  faible. 

On  peut  signaler  ^galement  qu*un  ^cart  d’un  point  introduit  dans  le  module  sur  le 
coefficient  du  moment  de  roulis  (ACi  »  .01}  peut  modifier  tr^s  sensiblement  la  tenue  k 
la  vrille  6tudi6e  en  simulation.  Ceci  illustre  1' impact  que  peut  avoir  une  relativement 
faible  imprecision  sur  lea  ^tats  d’^quilibre  retrouv4s. 

De  plus,  la  precision  relative  de  ces  mesures  k  haute  incidence  est  nettement 
d^grad^e  puisque  I'on  constate  k  la  fois  une  diminution  du  signal  mesur^  et  une  augmen¬ 
tation  des  bruits  de  mesures.  Ceux-ci  sont  essentiellement  d'origine  a^rodynamique  ou 
structurale . 

Or  I'effet  de  la  gouverne  est  d<§terminant  pour  pr^dire  la  consigne  de  sortie  de 
vrille,  d'oO  I'importance  accord^e  par  les  m^caniciens  du  vol  k  la  validity,  4  la 
quality  et  k  la  precision  des  mesures  aux  grands  angles  en  soufflerie. 


3  -  BESOINS  GEWERAUX  POUR  LA  MECANIQUE  DU  VOL 

Compte  tenu  des  commentaires  pr6sent6s  dans  1 ’ introduction  sur  notre  approche,  nous 
avona  estim4  que  la  m^thode  la  plus  prometteuse  pour  obtenir  les  points  de  vue  des 
principaux  utilisateurs  des  essais  en  soufflerie  serait  de  mener  une  enqu6te  aupr^s  de 
ces  utilisateurs.  A  cet  effet,  un  questionnaire  a  ^t6  bSti  et  distribu4  au  sein  des  pays 
de  I'AGARD  par  1 ’ interm^diaire  des  membres  du  PMP.  Vous  trouverez  ce  questionnaire  en 
annexe . 

Bien  que  le  nombre  des  r^ponses  regues  soit  relativement  faible.  la  quality  et 
I'int^rdt  des  r^ponses  justifient  a  posteriori  la  m^thode  utilises.  Nous  nous  proposons 
de  presenter  une  analyse  des  r4sultats  de  I'enquSte.  XI  n'est  pas  dans  notre  intention 
d’examiner  toutes  les  questions.  Nous  nous  limiterons  k  quelques-  unes,  consid6r§es 
comme  les  plus  Importantes  et  les  plus  significatives. 

Une  des  caractSristiques  des  r^ponses  obtenues  est  qu’elles  sent  tr^s  varices  et 
m^me  asset  souvent  contradictoires .  N4anmoins,  une  unanimity  tout  k  fait  remarquable  a 
6t6  constat4>e  sur  I’utilit^  des  essais  en  soufflerie.  Pour  tous,  la  soufflerie  repr^- 
sente  aujourd'hui  un  outil  indispensable  qui  rend  des  services  irremplagables  tant  dans 
le  domaine  de  I'^tude  des  performances  des  avions  que  dans  celui  de  I'gtude  des  qualit^s 
de  vol.  II  est  clair  que  les  qualitds  des  avions  et  les  progr^s  que  I’on  peut  encore  y 
escompter  reposent  pour  une  grande  part  sur  les  essais  en  souffleries. 

Les  deux  approches  compl4mentaires  des  essais  en  soufflerie  sent  les  essais  en  vol 
d'une  part  et  les  calculs  th4oriques  d’autre  part.  L'un  des  aspects  examines  4tait  de 
comparer  I'importance  actuelle  des  essais  en  soufflerie  par  rapport  au  pass4  (20  k  30 
ans) .  Comme  il  n’y  a  pas  de  crit4re  objectif  pour  juger  de  cette  importance  les  r4ponses 
donn4es  furent  subjectives  et  de  ce  fait  asset  divergentes,  voire  contradictoires.  II  y 
a  ceux  qui  affirment  que  depuis  20-30  ans  les  calculs  th4oriques  ont  beaucoup  progress^ 
et  done  que  I'importance  des  essais  en  soufflerie  a  d4crQ.  A  l*oppos4,  il  y  a  ceux  qui 
affirment  que  les  besoins  en  quality  des  r4sultats,  en  precision,  en  reduction  des 
d41ais,  en  affinement  des  performances,  ont  beaucoup  augments  sous  la  pression  de  la 
concurrence  commerciale  et  industrielle ,  et  que  par  consequent  I’importance  des  essais 
en  soufflerie  a  crQ.  On  ne  peut  done  que  conclure  que  la  question  ne  peut  avoir 
aujourd'hui  de  r4ponse  simple  et  definitive.  Certains  pourraient  penser  que  sa  nature 
est  analogue  k  celle  de  la  question  de  savoir  qui  existait  d'abord  de  la  poule  et  de 
I'oeuf.  Cela  dit,  les  raisons  fondamentales  pour  utiliser  les  souffleries  sont  d'abord 
un  besoin  absolu  technique  car  beaucoup  de  donnees  aerodynamiques  indispensables  ne 
peuvent  etre  aujourd'hui  obtenues  par  calcul.  Par  ailleurs,  pour  ce  qui  est  des  essais 
en  vol.  ils  sont  consideres  souvent  comme  tr^p  chers  pour  la  recherche  et  sont  trop 
tardifs  pour  1 ’ industriel .  Au  moment  des  essais  en  vol,  la  conception  de  I'avion,  compte 
tenu  des  engagements  sur  les  deiais,  doit  etre  consideree  comme  figee.  Seules  des 
modifications  mineures  peuvent  etre  raisonnablement  envisagees.  Dans  certains  cas  les 
essais  en  soufflerie  sont  utilises  pour  tester  des  configurations  ou  des  conditions  de 
vol  pour  lesquelles  la  securite  du  vol  est  jugee  insuf f isante .  On  peut  citer  4  cet  egard 
la  certification  d'un  avion  de  transport  ou  les  essais  de  vrille  d’un  avion  d'armes.  Une 
autre  utilisation  citee  des  essais  en  soufflerie  est  la  creation  d'un  moddle  mathema- 
tique  pour  la  conception  du  systeme  de  commandes  de  vol. 
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D'une  facon  tr^s  g^n^rale  les  essais  en  aoufflerie  sont  essentiels  durant  la  phase 
de  conception  et  de  d^veloppement  d'un  nouveau  type  d'avion,  avec  les  objectifs 
suivants  : 

-  optioiser  la  configuration  de  1* avion, 

*■  satisfaire  au  cahier  des  charges, 

-  r^pondre  aux  exigences  de  la  certification. 

-  recueillir  les  donn^es  a^rodynanlques  n^cessalres  4  1' Evaluation  des  performances 
et  qualitEs  de  vol  de  1 'avion, 

-  determiner  les  caractEristiques  principales  de  nombreux  problEmes  complexes  : 
flottement,  buffeting,  dEcrochage,  vrille... 

MalgrE  1' importance  reconnue  aux  souffleries  et  malgrE  la  multiplicitE  des  objectifs 
assignEs  aux  essais  qui  y  sont  menEs,  il  convlent  de  noter  qu'une  des  difficultEs  est 
liEe  4  la  nEcessitE  d'appliquer  des  corrections  aux  rEsultats  bruts  obtenus.  La  qualitE 
et  la  prEcision  des  rEsultats  doivent  EnormEment  aux  nombreuses  prEcautions  et  correc¬ 
tions  appliquEes  aux  mesures.  Les  principaux  phEnomEnes  qui  nEcessitent  des  corrections 
sont  ; 


-  nomhre  de  Reynolds  :  en  gEnEral  les  corrections  sont  nEgligEes  si  Re  ^  5  .  10* , 

-  influence  des  supports  de  la  maquette, 

-  corrections  de  parois, 

-  corrections  des  imperfections  de  surface. 

Les  mEthodes  utilisEes  sont  trEs  variables,  allant  de  simples  ajustements  insplrEs 
par  des  manuels  classiques  aux  calculs  complexes,  en  passant  par  des  corrections 
empiriques  appliquEes  parce  qu'elles  donnent  des  rEsultats  satisf aisants .  En  fait, 
chaque  utllisateur  possEde  son  propre  arsenal  de  mEthodes  de  corrections,  affinEes  au 
fil  des  anrEes  et  validEes  soit  pour  certaines  souffleries  soit  pour  certains  types 
d'avions.  En  gEnEral,  les  utillsateurs  sont  satisfalts  des  rEsultats  corrigEs  par  leurs 
mEthodes,  mats  reconnalssent  que  leur  mise  en  oeuvre  nEcessite  beaucoup  d' efforts  et  des 
prEcautions  importantes.  Des  imperfections  sont  signalEes  pour  la  trainEe  en  croisiEre 
et  1‘Etude  de  I'effet  de  sol. 

Un  autre  type  de  correction  concerne  non  pas  la  soufflerie  elle-mEme  mais  la 
maquette  essayEe.  II  s'aglt  de  corrections  de  dEformations  aEroElastiques  qui  affectent 
I 'avion  souple,  mals  non  pas  la  maquette  rigide.  Certains  nEgligent  purement  et  aimple- 
ment  les  effets  aEroElastiques ,  d'autres  en  tiennent  compte  par  calcul,  d’autres  enfin 
utilisent  des  mEthodes  semi -empiriques  (plusieurs  essais  et  interpolation  thEorique) . 

Parmi  les  nombreux  problEmes  techniques  pour  lesquels  on  fait  appel  aux  essais  en 
soufflerie,  et  reproduits  sur  la  figure  20,  les  plus  importants  sont  : 

Per f ormances 

-  DEtermination  de  la  polaire  avec  le  systEme  propulsif  (en  particulier  1‘hElice). 

-  Kesure  de  la  tralnEe  en  croisiEre. 

-  ManoeuvrabilitE  d'un  avion  d’armes.  Les  mesures  effectuEes  en  soufflerie  peuvent 
conduire  4  dEterminer  diverses  caractEristiques  telles  que  :  taux  de  virage.  vitesses 
angulaires,  fac*^eur  de  charge  en  fonction  du  domaine  de  vol. 

QualitEs  de  vol 

-  DEtermination  des  coefficients  aErodynamiques  et  de  stabilitE. 

-  DEtermination  des  efticacitEs  de  gouvernes  et  dimensionnement  des  gouvernes. 

-  DEtermination  des  forces  et  des  moments  de  charnlEre  sur  les  gouvernes. 

-  DEtermination  de  la  VMC. 

-  Comportement  de  1' avion  au  voisinage  du  dEcrochage  et  JEtection  de  1 ' autocabrage 
(pitch-up) . 

II  est  important  de  rappeler  que,  pour  un  avion  EquipE  d'un  systEme  de  commandes  de 
vol  Electriques,  le  besoin  de  prEcision  sur  certains  coefficients  aErodynamiques  est 
fortement  rEduit.  A  titre  d’exemple  [14]  on  peut  signaler  le  cas  du  Mirage  2000  sur 
lequel 

-  une  erreur  de  50  %  sur  le  Ci »  (amortissement  aErodynamique  de  roulis)  ne  change 
que  de  10  %  1 '  amortissement  global  de  1' ensemble  avion  commandes  de  vol  sur  ce  m@me 
axe , 


-  une  erreur  de  100  %  sur  le  coefficient  croisE  Cn p  (lacet  indult  par  la  vitesse  de 
roulis)  modifie  trEs  peu  le  comportement  de  1‘ avion  en  manoeuvre  de  gauchissement 
(modification  de  quelques  dlxiEnes  de  degrEs  du  dErapage  maximum  atteint  pendant  la 
manoeuvre) . 
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Cttla  ne  v*ut  p«s  dire  qu'll  n*eet  pas  ndcessaire  d'effeetuer  une  caractdrisation 
adrodynaaique  coapldte  d*un  avion  dquipd  da  eonnandes  de  vol  dlectriques  et  pourvu  d'un 
eontrdie  actif.  La  ddflnltion  du  systdae  de  coaaandes  de  vol  adeessite  la  connaisaance 
de  toutes  lea  effieacitds  den  gouvernea  (directes  et  croisdea) .  Par  ailleura,  le  bon 
fonetionneaent  d'un  aystdae  de  coaaandea  auppoae  que  ce  aystdae  ne  se  trouve  pas  dans 
das  conditions  de  aaturation.  Or*  cellea*-ci  dtant  lidea  au  coaporteaent  adrodynaaique  de 
I'avion,  on  a  dgaleaent  beaoin  de  connaitre  toua  lea  coefficients  adrodynaaiquea 
gdndraxix  de  1' avion  d'une  faqon  suffiaaaaent  prdcise. 

O'une  faqon  plus  gdndrale*  la  prdciaion  dea  assures  obtenues  en  soufflerie  eat 
conaiddrde  dans  I'enaeable  coaae  auffiaante,  bien  que  pour  certains  probldaes  des 
exigences  trda  advdres  soient  prdaentdea.  A  titre  d'exeaple  extrdae  on  peut  citer  la 
aeaure  de  la  tratnde  d'un  avion  de  transport  en  croiaidre.  pour  laquelle  une  prdciaion 
de  d.S  "count"  (10*«)  eat  deaandde  bien  qu'on  obtienne  ddjd  1  "count".  Cette  demands 
d'une  prdciaion  extrdaeaent  forte  a'explique  par  la  concurrence  entre  industrials  qui 
cherchent  I'optiaua  pour  leur  produit. 

Pour  I'avion  d'araea  une  valeur  typique  de  la  prdciaion  pour  la  tralnde  en  croiaidre 
eat  2  "counts".  Pour  la  tralnde  d  baaae  vitease  et  en  manoeuvre  une  prdciaion  de  "5 
cottfita"  aemble  donner  aatiaf action. 

Pour  d'autrea  probldmea  lea  exigences  de  prdciaion  aont  moins  grandea,  et  de  plus 
trda  variables,  lea  variations  pouvant  avoir  pluaieurs  causes  : 

-  nature  du  probldme  technique  :  on  trouvera  d  cat  dgard  dea  explications  ddtailldes 
dans  la  Idre  partie  de  notre  expoad, 

-  type  d* avion  :  avion  de  transport  ou  avion  d'armes. 

-  utilisateur  :  lea  exigences  pour  la  recherche  aont  souvent  diffdrentea  de  celles 
pour  1' Industrie. 

Bnfln,  contrairement  d  ce  qu'on  pourrait  penser,  il  est  souvent  evened  que  la 
prdciaion  obtenue  en  soufflerie  est  aupdrieure  d  cells  obtenue  lore  d'easaia  en  vol. 
D'une  facon  plus  conerdte  on  a  souvent  reprochd  aux  rdaultats  d'easaia  en  vol  d'dtre 
dif f icilement  exploltablea .  A  titre  d'exemple  on  peut  citer  comme  causes  la  connaiasance 
inauffiaante  dea  masaes.  dea  ddformdea  adrodlaatiques ,  dea  inertias,  de  I'avion  en  vol 
et  dea  conditions  rdelles  de  vol  (vitease,  incidence,  vent,  etc...). 

Contrairement  aux  exigences  de  prdciaion  qui  aont,  comme  nous  I'avons  vu,  trds 
dispersdes  parmi  les  utillsateurs  des  aouffleries,  il  y  a  un  excellent  accord  aur  les 
cas  extremes  d'utilisation  des  essais  en  soufflerie.  Cet  accord  ports  sur  lea  points 
suivants  : 

*  rdaultats  trds  bons  :  et  portance  en  gdndral, 

-  rdaultats  satisf aisants  :  tralnde,  caraetdriatique  adrodynamique  k  baaae  vitease, 

-  rdsultats  trds  mauvais  :  phdnomdne  de  buffeting  et  comportement  prds  du  ddcro* 
chage . 

Les  causes  dea  mauvais  rdsultats  imputables  k  la  soufflerie  peuvent  dtre  attribudes 
aux  phdnomdnes  suivants  : 

a)  Nombre  de  Reynolds,  en  particulier  en  transsonique  et  aux  grandes  incidences. 

b)  Non  reprdsentation  structurale  de  la  maquette  easayde  en  soufflerie. 

c)  Dans  la  mesure  oH  par  mauvais  rdsultats  on  entend  ddsaccord  entre  rdsultats 
provenant  des  essais  en  vol  et  ceux  en  soufflerie,  il  arrive  souvent  qu'ils  peuvent  dtre 
attachds  k  une  insuffisance  d' analyse  des  essais  en  vol  (mdconnaissance  des  inerties  par 
example) . 

Les  figures  21  k  28  donnent  quelques  exemples  de  comparaisons  entre  eaaais  en  vol  et 
en  soufflerie. 

Parmi  les  amdlioratlons  qui  sont  demanddes  aux  aouffleries,  les  plus  importantes 
portent  sur  les  points  suivants  : 

« )  Codt  des  essais 

Le  codt  des  essais  doit  raster  une  prdoccupation  permanents  des  souffleurs.  Les 
differentes  exigences  et  amdlioratlons  techniques  doivent  ttre  jugdes  en  regard  des 
consdquences  sur  le  coOt  des  essais  en  soufflerie.  A  cet  dgard.  on  doit  signaler  que  le 
cofit  des  essais  en  soufflerie  est  infdrieur  aux  cofits  des  calculs  lorsqu'il  s'agit 
d'identifier  un  avion  donnd,  e'est-d-dire  effectuer  des  essais  avec  un  grand  nombre  de 
conditions  d' essais.  Bn  revanche  une  optimisation  d’un  avion  ndeessitant  la  fabrication 
de  plusieurs  maquettes  revient  plus  cher  en  soufflerie  que  par  le  calcul  (quand  celui-ci 
est  possible) . 


33-10 


b)  Di»an»ion« 

Des  dimensions  plus  grsndes  sont  demsnddes  pour  pouvoir  essayer  des  naquettes 
notoris^es  asses  grandes*  de  fagon  qu*elles  soient  bien  representatives  des  conditions 
de  ddcollage  et  d'atterrissage. 

c)  Techniques  de  mesures  ameiioreea 

Dans  cette  categorie  on  peut  citer  deux  exemples  : 

-  techniques  des  mesures  en  dynamique, 

-  aeilleure  flexibilitd  des  assures  par  example  mesures  des  pressions  statiques  par 
des  moyens  rapideaent  modifiables  et  non  perturbateurs  (eviter  le  percement  des  trous). 

Corome  on  peut  le  constater  dans  le  questionnaire  nous  avons  essaye  d* avoir  I'avis 
des  utilisateurs  sur  I’avenir  des  souffleries.  De  facon  plus  precise,  la  question  pos^e 
6tait  :  "Pensez-vous  que  les  progr^s  qui  aeront  accomplis  dans  les  a^thodes  et  la 
puissance  des  calculs  numdriques  modifieront  l*utilit6  des  souffleries  d'ici  20-30  ans 


Cette  question  appelle  encore  une  r^ponse  de  type  subjectif  puisqu*!!  n'est  pas 
raisonnable  d‘ avoir  une  provision  exacts  de  la  facon  dont  4volueront  les  performances 
des  calculs  num^riques.  Ndanmoins,  on  constate  une  tr&s  grande  convergence  parmi  les 
utilisateurs  de  la  soufflerie.  L* opinion  gdndrale,  bien  que  des  exceptions  existent,  est 
que  le  rdle  des  souffleries  dans  I’avenir  pourra  0tre  different  mais  que  leur  importance 
ne  sera  pas  diminu0e.  Les  raisons  avanc4es  sont  les  suivantes  : 

II  est  certain  que  lea  m^thodes  de  calcul  num^rique  feront  de  grands  progr^s,  mais 
il  est  peu  probable  que  dans  un  avenir  pr^vlsible  on  arrive  h  calculer  des  4coulenents 
3D.  avec  viscosity  (surtout  en  transsonique)  et  dans  des  configurations  giomitriques 
tr^s  complexes  (et  dont  la  complexity  risque  de  croitre  dans  I'avenir).  La  figure  29 
illustre  la  distance  qu’il  y  a  encore  k  franchir  avant  que  les  calculs  ne  puissent 
rypondre  k  tous  les  besoins.  Par  allleurs  les  souffleries  progresseront  ygalement,  et 
les  progrds  dans  les  calculs  nycessiteront  1* utilisation  des  souffleries  pour  valider 
ces  calculs.  Tout  progrys  dans  lea  mythodes  de  calcul  sera  utilisy  non  pas  pour  ryduire 
1 ’ utilisation  des  souffleries  mais  pour  en  accroitre  la  quality  et  I'efficacity ,  pour 
optimiser  les  programmes  d'essai.  Enfin,  comme  on  I'a  dyji  aignaiy,  dans  le  cas  oil  11 
n'y  a  pas  lieu  de  fabriquer  plusieurs  maquettes  le  coQt  des  essals  en  soufflerie  restera 
vraisemblablement ,  comme  11  eat  aujourd'hui,  infyrieur  au  coQt  du  calcul  numyrique. 


COlfCLUSIOIfS 

1.  Dans  le  domaine  de  vol  classique  (f.-tibles  angles)  la  prycision  des  mesures  en 
souffleries  est  une  exigence  importante.  Les  besoins  de  prycision,  qui  peuvent  ytre 
quantifiys  aisyment,  dypendent  de  nombreux  paramytres  : 

-  type  d' avion 

-  trajectoire, 

-  probiyme  technique  ytudiy. 

2.  Dans  le  domaine  de  vol  aux  grands  angles  les  probiymes  de  prycision  de  mesure 
passent  au  second  plan  devant  1* importance  et  les  difficultys  de  la  mesure  et  de  la 
caractyrisation  ayrodynamique  myme  de  1 'avion. 

3.  Les  souffleries  reprysentent  aujourd'hui  un  outil  Indispensable  et  appryciy  pour 
les  besoins  de  la  Hycanique  du  Vol. 

4.  Des  amyiiorations  sont  nyanmoins  demandyes  et  concernent,  outre  la  prycision  dans 
certains  cas  : 

-  les  coQts, 

'  les  dimensions, 

~  1’ influence  du  nombre  de  Reynolds, 

-  les  phynomynes  en  transsonique, 

-  la  flexibility  des  mesures. 

-  la  capacity  d'effectuer  des  essais  dynamiques. 

5.  De  I'avis  des  utilisateurs  I'avenir  des  souffleries  n’est  pas  menacy  par  les 
proqrds  attendus  dans  les  mythodes  de  calcul  numyrique.  Bien  au  contralre,  les  souffle- 
ties  bynyf icieront  de  ces  progrys  pour  amyiiorer  la  quality  et  I'efficacity  de  leurs 
mesures. 


L'auteur  remercie  Mile  Patricia  COTt>M  et  M.  Robert  VERBRUGGE  pour  I'aide  et  les 
conseils  qu'ils  ont  apportys  lors  de  la  pryparation  du  prysent  exposy. 
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QBNBlUai  : 

You  are  asked  to  add  some  general  coBnents*  when  possible,  to  your  answers.  The 
issues  to  be  addressed  with  your  coaxents  are  presented  here  after.  But  this  list  is 
not  exhaustive  and  aay  be  eoapleted  according  to  your  needs  or  wishes. 

Please  note  that  vour  coanenta  are  orobablv  sore  important  that  the  answers  to  the 
Questions . 


A  -  for  Mina 

The  use  of  wind  tunnel  testing  during  the  development  process  of  an 
aircraft  is  so  large  and  so  evident  that  questioning  about  this  may  appear 
unjustified.  However  the  very  reasons  may  be  different  from  one  technical 
problem  to  another.  Among  the  various  reasons  one  may  distinguish  the 
following  : 

a)  Reduce  cost  and  time  when  compared  to  flight  test, 

b)  Reduce  cost  when  compared  to  numerical  computation  (probably  in  a  limited  number 

of  cases) , 

c)  Absolute  technical  or/and  economical  needs  : 

flight  test  too  late  and  numerical  computation  impossible  or  not  reliable, 

d)  Reliability  :  to  confirm  the  knowledge  obtained  by  other  ways, 

e)  Any  others. 


B  -  Wind  f  tiBO  au«lltl««  ; 

The  basic  question  1$  :  Are  the  wind  tunnel  test  results  in  agreement  with  the 
real  flight  test  results  ?  The  comments  may  concern  : 

a)  the  physical  phenomena  observed, 

b)  the  ?nc‘*r'’'^«ment8  accuracy. 

In  case  of  disagreement,  please  comment  on  suspected  reasons  (scales,  wall 
corrections .  . . . } . 

c  -  Hind  tunnel  testing,  roults  raouirsBsnts  : 

These  comments  should  follow  the  previous  ones  when  the  agreement  is  not 
satisfactory.  Again  the  requirements  may  concern  : 

a)  the  physical  phenomena  observed, 

b)  the  measurements  accuracy, 

c)  any  others. 

0  '  Ttt«  Tla4  tMMtl  ttltlM  : 

Some  comments  may  be  made  such  as  : 
a)  the  use  for  aircraft  identification. 


b)  the  use  for  aircraft  design, 

c)  any  others. 
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gUtSTXMlIAXItl 

1  -  The  wind  tunnels  testing  are  usefull  and  Important  rather  for 


Performance 

Transport  aircraft 

Fighter 

Handling  qualities 

Both 

Please  ^o^ent  : 


2  -  What  are  the  most  important  technical  problems  concerning  the  performance  cf  the 

aircraft  studied  in  the  wind  tunnel  7 

3  -  What  accuracy  do  you  obtain  on  the  performance  results  ? 

Please  conunent  on  the  ceguired  accuracy  <in  particular  for  drag  evaluation) . 

4  -  What  are  the  itost  important  handling  gualities  problems  studied  in  the  wind 

tunnels  ? 

Please  comment  also  the  relative  importance  of  aerodynamic  stability  coefficient 
and  control  surfaces  efficiency  in  relation  with  the  aircraft  control  system. 

5  -  Do  you  use  wind  tunnels  for  : 

a)  Study  the  unsteady  phenomena  ? 

b)  High  angles  (attack  and  yaw)  behaviour  7 

c)  Spin  7 

6  "  HOW  do  you  take  into  account  the  aeroelastic  deformation  of  the  aircraft  studied  on 

model  in  the  wind  tunnel  ? 

7  **  What  kind  of  corrections  do  you  apply  to  the  wind  tunnel  measurements  (Reynolds 

number,  power  effects,  ...)  when  applying  to  performance  and  flyir.g  Quality 
evaluation  ? 

could  you  indicate  the  methods  used  7 
kre  you  «»atisfied  with  the  obtained  date  7 

8  -  Could  you  comment  on  the  methods  used  and  the  results  obtained  in  the  wind  tunnels 

concerning  the  differences  between  the  static  phenomena  and  dynamic  phenomena  ? 

9  '  Could  you  comment  on  the  use  of  wind  tunnels  for  some  particular  problems  such  as  : 

a)  Buffeting 

b)  Horizontal  tail  stall 

c)  Ground  effect 

d)  Any  others 

19  ~  What  are,  according  to  your  knowledge,  the  areas  and  the  reasons  where  the 
agreement  between  the  wind  tunnels  and  the  real  flights  tests  are  : 

a)  Very  poor 

b)  Just  acceptable 

c)  Very  good 

11  ~  What  improvements  are  advisable  or  needed  in  the  wind  tunnels  capabilities  for  the 
flight  mechanics  problems  ? 


f 
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12  "  Th«  iaportaoc*  and  tb«  uscfulnasa  of  tbo  wind  tunnels,  when  compered  to  the  22-3t 
years  apo  situation,  is  :  (accuracy,  nature, 

a)  Rather  increased 

h)  Rather  reduced 

c)  Zdentlcal 


13  -  Do  you  think  that  the  Improvements  expected  in  the  power  and  the  reliability  of 
numerical  methods  will  reduce  the  usefulness  of  the  wind  tunnels  or  change  the  test 
purpose  In  the  forthcoming  3#  years  ? 

Please  comment  your  answer. 
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HINO  TUNNEL  REQUIRENENTS  FOR  CONPUIATIONAL 
FLUID  DYNAMICS  CODE  VERIFICATION 

Jcseph  G.  Narvin 

NASA  Aaes  Rasearch  Center 
Moffett  Field.  California 


surnutv 

The  role  of  expcriaent  In  the  develofaent  of  CoaNwtatlonal  Fluid  Dynaalct  (CFD)  for  aerodynaalc  flow 
field  prediction  1$  discussed.  Requireaents  for  code  verification  froa  two  sources  that  pace  the  develop- 
aent  of  CFD  are  described  for:  (1)  developaent  of  adequate  flow  aodellng,  and  (2)  establlshaent  of  confi¬ 
dence  In  the  use  of  CFD  to  predict  coaplex  flows.  The  types  of  data  needed  and  their  accuracy  differs  In 
detail  and  scope  and  leads  to  definite  wind  tunnel  requireaents.  Exaaples  of  testing  to  assess  and 
develop  turbulence  aodels,  and  to  verify  code  developaent  are  used  to  establish  future  wind  tunnel  testing 
requireaents.  Versatility,  appropriate  scale  and  spe^  range,  accessibility  for  nonintrusive  Instruaenta- 
tlon,  coaputerlzed  data  systeas.  and  dedicated  use  for  verification  were  anong  the  aore  leportant  requlre- 
aents  Identified. 

1.  INTROOUCTIDN 

Coaputatlonal  fluid  dynaalcs  (CFD)  Is  expected  to  play  a  proalnent  role,  along  with  wind  tunnel  test¬ 
ing,  In  the  design  of  aerospace  vehicles.*'^  Such  expectations  and  optlalsa  are  based  on  the  prealse  that 
the  continued  developaent  of  CFD,  coupled  synergistically  with  the  new  developaents  In  Instrusentatlon  and 
test  techniques,  will  provide  a  clearer  understanding  of  coaplex  flow  phenoaena  and  lead  to  acre  efficient 
and  aore  aabitlous  designs.  However,  the  pace  of  CFO  Introduction  In  the  design  process,  and  the  sophis¬ 
tication  of  Its  application,  will  depend  largely  on  the  designer's  confidence  In  the  coaputatlonal 
aethod.  Experlaents  that  verify  CFD  are  an  essential  part  of  the  confidence-building  process  because 
aathaaatical  approxiaatlons.  Halted  coaputer  capacity,  and  uncertainty  In  aodellng  various  physical  pro¬ 
cesses  lead  to  coaproalsed  solutions  to  the  coaplete  set  of  governing  equations.^ 

The  topic  of  CFD  verification  Is  currently  being  debated.  It  Is  a  relatively  new  concept  that 
depends  on  closely  coordinated  planning  between  coaputatlonal  and  experlaental  disciplines.  Because  the 
code  applications  are  becoaing  aore  coaplex  and  the  regions  of  Interest  are  diverse  and  wide-ranging.  It 
no  longer  suffices  to  use  experlaental  data  froa  Integral  or  surface  eeasureaents  alone  to  provide  the 
required  verification.  Flow-physics,  flow-field,  and  boundary-condition  aeasureeients  eaerge  as  critical 
Inforaatlon  In  this  regard.  Furtheraore.  aeasureaent  accuracy  requireaents  >ust  be  exaalned  froa  a  new 
perspective. 

As  a  consequence  of  this  evolutionary  status  of  code  verification,  before  defining  the  wind  tunnel 
requireaents  It  Is  Isportant  to  establish  what  we  aean  regarding  the  role  of  experlaent  In  the  developaent 
of  CFD,  The  author  and  his  colleagues  have  experience  In  this  regard,  as  our  experlaental  effort  has  for 
soae  tiae  been  closely  allied  with  the  CFD  effort  at  Aaes  Research  Center. 

This  paper,  therefore,  will  begin  by  briefly  describing  the  status,  future  direction,  and  pacing 
Iteas  of  CFD  technology  developaent.  Requireaents  for  code  verification  froa  two  sources  that  pace  the 
developaent  are  then  described.  The  first  of  these  requireaents  Involves  experlaents  to  establish  phe- 
noaenologlcal  Input  for  situations  In  which  understanding  of  the  flow  physics  Is  Halted.  The  laportant 
problea  of  turbulence  aodellng  for  aerodynaalc  flows  will  be  used  as  an  Illustration,  but  other  exaaples 
(such  as  high-teapcrature,  reactIng-gas  physics  with  slspllflcatlons  to  account  for  radiation  and  aass 
transfer,  or  vortex  Interactions  within  developing  flow  fields  over  aircraft  at  high  Incidence)  also  could 
have  been  used.  The  second  requireaent  Involves  experlaents  that  establish  the  confidence  Halts  on  CFD 
predictions  of  coaplex  flows  over  paraaetric  variations  such  as  Mach  and  Reynolds  nuaber.  Exaaples  for 
external  aerodynaalc  flows  are  used,  but  Internal  flows,  rotating  flows,  or  unsteady  flows  would  also 
provide  good  Illustrations.  The  wind  tunnel  and  accuracy  requireaents  naturally  ally  theaselves  with 
these  verification  requireaents  and  they  are  discussed  In  the  final  sections  of  the  paper. 

2.  STATUS  AND  FUTURE  OIREaiON  OF  CFD 
2.1  Status 

CFD  has  experienced  volatile  growth  and  a  aeasurable  degree  of  aaturlty  over  the  past  decade.  The 
point  can  be  Illustrated  hY  referring  to  Fig.  1.  In  the  aid  1970' s,  to  predict  the  entry  heating  envlron- 
aent  over  the  Space  Shuttle  at  flight  conditions  (which  cou'd  not  be  duplicated  In  the  wind  tunnel).  It 
was  necessary  to  reduce  the  problea  to  aanageable  proportions.  This  was  done  by  approxiaating  the  coa¬ 
plete  configuration  with  slaple  geoaetrles  (Fig.  la)  that  were  aaenable  to  coaputatlon.  The  choices  were 
based  on  extensive  wind  tunnel  test  data  froa  the  coaplete  configuration  coapared  with  Inviscid  coavuta- 
tlons  over  the  slaple  configurations,  coupled  with  boundary-layer  solutions.  Leeside,  separated  flow 
coaputetlons  were  not  possible.  Today  (in  contrast),  calculations  of  the  entire  Shuttle  flow  field  and 
surface  heating.  Including  the  leeside.  are  being  accoapHshed  by  solving  the  Reynolds-averaged,  Navler- 
Stokes  equations.*'*  A  coaputcr-generated  surface  geoaetry  used  for  one  such  calculation  Is  Illustrated 
In  Fig.  lb.  Solutions  of  the  tiae-dependent  fons  of  the  equations  are  aade  In  the  subsonic  regions,  and 
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solutions  of  the  parabolized  thin-layer  laalnar  fora  of  the  equations  are  used  In  supersonic  regions. 
Equlllbrlua  gas  properties  have  been  Incorporated  and  the  results  coa^ared  with  flight  data.*  The  naln 
driving  forces  In  the  advanceawnt  were  access  to  large,  fast  coaputers  and  significant  advances  In  algo- 
nthB  developaent. 

2.2  Future  nir«-t1nn 

The  future  direction  of  CFO  Is  toward  even  aore  aabltlous  applications  Involving  coaplex  geoaetrles 
and  their  attendant  flow  fields.  For  exaaple,  pathfinder  coaputatlons  eaploying  Reynolds-averaged, 
Navler-Stokes  equations  will  be  obtained  for  a  coaplete  fighter  aircraft,'  the  flow  around  a  hypersonic 
vehicle,  the  Internal  flow  In  the  turn-around  duct  of  the  Shuttle  aaln  engine^  and  the  unsteady  flow 
through  a  coapressor  stage.”  Such  coaputatlons  test  the  Halts  of  CFD  technology  developsKnt  and  the 
spinoffs  froa  the  successes  and  failures  of  such  coayxitatlans  are  expected  to  spur  new  developaent.  But 
the  ultlaate  success  of  such  technology  developaent  depends,  to  a  large  extent,  on  addressing  and  solving 
the  laportant  Issues  still  pacing  the  developaent  of  CFD. 

2.3  Paring  T..n«€ 

Soae  of  the  aore  laportant  Issues  pacing  the  developaent  of  CFD  era  shown  In  Fig.  2.  Solution  aeth- 
odology,  grid  generation,  and  coaputer  power  were  discussed  by  Kutler.^  Flow  aodeling  and  code  verifica¬ 
tion,  which  rely  heavily  on  experlaent,  are  two  additional  Issues  that  establish  the  laportant  link 
between  coaputatlon  and  experlaent.  Flow  aodeling  1$  required  In  Instances  In  which  the  physics  Is  poorly 
understood  or  1$  so  coiplex  as  to  aake  'brute-force*  coaputatlon  lapractlcal.  Imrtant  exaaples  are 
turbulence  aodels  for  closure  of  the  Reynolds-averaged,  Navler-Stokes  equations*®’^*;  transition  froa 
laalnar  to  turbulent  flow;  and  hlgh-teaperature  gas  physics  related  to  hypersonic  flows.  Code  verifica¬ 
tion  Is  required  to  establish  the  Halts  of  accuracy  of  the  coaputatlons,  particularly  as  the  coaplexlty 
of  the  flow  Increases. 

3.  EXPERIMENTAL  REQUIREMENTS 

3.1  Role  of  Fxperlaents 

A  fraaework  for  describing  the  laportant  links  between  experlaent  and  coaputatlon  Is  shown  In 
Fig.  3.  Experlaents  are  required  at  each  stage  of  code  developaent.  Research  codes  refer  to  those  In 
which  the  ability  to  predict  a  particular,  and  usually  Idealized,  flow  phenomena  Is  first  established. 

One  or  two  researchers  are  Involved  In  developing  the  code,  and  no  docuaentatlon  1$  available.  At  this 
stage,  experlaents  that  are  referred  to  as  'building  blocks*  are  needed.  These  provide  the 
phenoaenologlcal  data  required  to  understand  the  flow  physics,  to  guide  flow-aodellng  processes,  and  to 
ultlaately  verify  the  coaputatlonal  developaent  for  the  particular  problea  at  hand.  Pilot  codes  refer  to 
a  aore  advanced  stage.  Docuaentatlon  Is  aore  coaplete,  the  code  aay  be  operated  by  others  besides  the 
researchers  Involved  In  the  original  developaent,  and  the  envelope  of  problea  application  Is  expanded.  At 
this  stage,  benchmark  experlaents  peculiar  to  the  various  applications  are  required  to  provide  the  param¬ 
etric  data  that  establish  accuracy  Halts  on  the  computations.  Subsequently  the  code  would  advance  to  Its 
ultlaate  developaent  stage  when  It  could  be  used  alone  (or  even  be  combined  with  codes  froa  other  disci¬ 
plines  such  as  structures  or  propulsion)  and  applied  confidently  In  the  design  process.  Configurational 
data  froa  wind  tunnel  experiments  would  be  needed  to  verify  performance. 

The  distinction  between  the  various  stages  of  development  outlined  here  Is  Idealized,  and  not  always 
evident  In  practice,  because  of  the  dynamic  nature  of  CFD  and  Its  wide-ranging  possibilities  for  solving 
aany  different  problems;  but  the  fraaework  depicts  how  experiment  and  computation,  working  together,  could 
accelerate  the  pace  of  developaent  at  each  stage  and  even  between  the  various  stages.  Of  course,  the 
Implication  here  Is  the  need  for  close  coordination  between  experimental  and  coafutatlonal  disciplines. 

For  the  remainder  of  this  paper,  the  first  two  stages  of  developaent  will  be  emphasized  along  with  their 
wind  tunnel  requirements. 

3.2  Meaturnmwiit  Reaulr—wnts 

Each  experimental  stage  must  provide  specific  Information  that  will  enable  a  critical  assessment  of 
computational  capability  and  accuracy.  Soae  examples  of  key  measurement  requirements  are  listed  In 
Fig.  4.  These  aeasureaents  are  only  representative  and  are  germane  to  the  technological  development  for 
Reynolds-averaged,  Navler-Stokes  equations  for  fully  developed  turbulent  flows. 

Building-block  experlaents  must  document  sufficient  Information  on  flow  phenoaena  to  provide  1)  an 
understanding  of  the  flow  physics,  2)  guidance  for  modeling  the  turbulence,  and  3)  a  critical  test  of  the 
code's  ability  to  simulate  the  flow.  Surface  variables  and  flow  variables.  Including  turbulence 
Information,  are  essential.  Soae  phenomenological  experlaents  that  focus  on  new  flow  physics  or  basic 
understanding  of  turbulence  aay  be  performed  at  Incompressible  flow  conditions,  but  aeasureaents  will  be 
required  ultlaately  at  representative  flight  Mach  nuabers  and  Reynolds  numbers  If  slaulatlons  of  actual 
flow  phenoaena  are  to  be  tested. 

(anchaark  experlaents  aust  provide  sufficient  Information  to  test  the  ability  of  codes  to  perform 
adequately  over  a  range  of  flow  conditions  or  for  a  variety  of  geoaetrles.  Detailed  aeasureaents  on  tur¬ 
bulence  aodeling  physics  are  not  essential,  but  parametric  testing  over  as  full  a  range  of  flight  Hack 
nuabers  and  Reynolds  nuatiers  as  possible  will  be  necessary  to  provide  an  accuracy  assessaent  of  the 


34-3 


CMliuUtlonal  aethods.  With  th>  rcmwid  i^u<t  on  lurpersonics,  flight  expertaontt  a«y  btcoae  ctsentitl 
eltamts  of  the  procMS  hociusc  ground  botod  ftcllUlet  n«y  Uck  tdequat*  flight  ilauUtlon  copiblllty. 
Code  fallurds  at  this  banchaarklng  stage  aay  suggest  further  need  for  building-block  experlaents  and  a 
synergistic  evolutionary  developaent  aay  follow. 

Design  experlaents  at  the  final  stage  provide  the  optlaal  configuration  data  necessary  for  perfor- 
aance  evaluation  and  the  experlaents  should  be  carried  out  at  close  to  flight  conditions  at  practical. 

CFS  It  expected  to  expedite  the  execution  of  these  expcrlnents  by  ellalneting  the  need  for  very  fine 
Increaents  In  paraaetric  variations  and  by  helping  resolve  any  anoaalous  data  sets. 

Careful  aeasurcaents  of  free-streaa  and  boundary  conditions  are  required  at  all  stages  because  they 
nay  Influence  the  flow  field  around  the  test  aodelt.  This  Is  particularly  laportant  for  transonic 
flow*.  Moreover,  these  aeaturenents  are  often  required  to  Initiate  coaputatlon  or  are  approxinated  In  the 
coaputatlon. 

3.3  1t»«rr.— Utatlan  Trends 

The  outlook  Is  proalslng  for  aaklng  the  aeasureaents  required  to  guide  and  verify  coaputatlons,  such 
as  those  listed  In  Fig.  4,  because  lapressive  advances  In  Instruaentatlon  developaent  and  data  acquisition 
have  taken  place  over  the  past  decade.  Suae  exaaples  of  this  developaent  trend  are  shown  In  Fig.  S. 

Prior  Intrusive  techniques  are  being  replaced  by  nonintrusive  ones  and  the  laser  has  aaerged  as  the  device 
that  aakes  such  applications  possible.  Neasureaents,  such  as  veloclu  and  Its  fluctuations, 
density'^*'*  and  teaperature  and  Its  fluctuations,^*  skin  friction, ^^and  aodel  position  and  attitude'* 
are  now  possible.  These  advances  will  have  an  lapact  on  future  wind  tunnel  requireaents  to  be  discussed 
later  In  this  paper. 

3.4  aulldlnn  Blocks 

An  exaaple  of  a  building-block  experlaent  is  shown  In  Fig.  6.  This  experlaent.  In  conjunction  with 
CFO,  was  used  to  guide  the  developaent  of  an  Improved  turbulence  aodel  for  airfoils  at  transonic  flow 
conditions  where  strong  shock-wave  boundary-layer  Interactions  occur.  The  test  aodel  consisted  of  a 
cylindrical  body,  fitted  with  a  circular-arc  section,  A  transonic  flow  developed  over  the  circular-arc 
section  slaUar  to  that  on  an  airfoil,  and  shock  wave  Interactions  of  varying  strengths  were  studied  by 
varying  free  streaa  Mach  nuabers.  The  choice  of  an  axlsyaaetrlc  geoaetry  and  the  long  cylindrical  section 
was  aade  to  allalnate  three-dlaenslonal  effects  and  to  develop  a  viscous  Interaction  region  of  sufficient 
scale  to  allow  detailed  nonintrusive  neasureaentt.  Mean  flow  and  turbulence  profiles,  obtained  with  a 
Laser  Doppler  Aneaoaeter  Systca  (LOA),  and  surface  quantities  such  as  pressure  and  oil-streak  data  were 
docunented.''  The  aodel  was  tested  In  two  facilities,  the  Aaws'  2-ft  by  2-ft  and  6-ft  by  (-ft  wind  tun¬ 
nels,  to  evaluate  the  Influence  of  wind  tunnel  boundary  conditions.  (No  significant  Influence  occurred.) 

Coaputatlons  of  the  flow  field  froa  a  Reynolds-averaged,  Navler-Stokes  code  revealed  deficiencies  In 
the  turbulence  aodellng.  By  using  a  aodel  developed  by  Cebeci  and  Salth,  priaarlly  for  attached  boundary 
layers,  the  shock  wave  location  was  predicted  Incorrectly  and  consequently  the  pressure  recovery  was  seri¬ 
ously  overpredicted.  The  aean-and-turbulence-proflle  data  froa  the  LDA  aeasurcaents  were  used  to  explain 
the  differences  and  guide  aodellng  laproveaent.  The  priaary  cause  of  the  pressure  recovery  over- 
prediction  was  the  failure  of  the  eddy  viscosity  aodel  to  adequately  reflect  the  lag  of  turbulence  adjust- 
aent  through  the  shock  wave  and  the  resultant  underprediction  of  the  displaceaent  thickness  Influence.  By 
using  aodellng  concepts  In  conjunction  with  the  turbulence  data,  a  significant  aodel  laproveaent  was 
developed.  In  particular,  the  'history  effects*  of  the  turbulence  changes  through  the  shock  wave  were 
accounted  for  by  prescribing  and  solving  an  ordinary  differential  equation  for  the  naxlaua  shear  stress 
developaent.'*  Modeling  constants  were  deteralned  using  the  turbulence  deta  In  conjunction  with  coaputa- 
tlons.  Tta  Inproved  aodel  results  are  shown  In  Fig.  (.  The  aodel  hes  been  Introduced  In  two  airfoil 
codes.'*’™  Additional  studies  are  under  way  to  detemlne  the  range  of  applicability  by  aaklng  coaparl- 
sons  with  other  benchaark  experlaental  airfoil  data. 


3.5  Baaebaacka 

An  exaaple  of  one  of  these  benchaark  experlaents^'  Is  Illustrated  In  Fig.  7.  The  test  aodel  con¬ 
sisted  of  a  supercritical  airfoil  section.  It  was  aounted  In  a  specially  designed  test  section  with  solid 
walls.  Boundary  layer  suction  was  applied  ahead  of  the  airfoil  on  the  sidewalls  to  alnlalze  Interference; 
the  upper  and  lower  walls  were  contoured  to  streea-llne  shapes  that  ware  predetcmincd  by  coaputatlon  to 
account  for  the  pretence  of  the  aodel.  which  further  alnlalzed  Interference.  Tests  were  perforaed  at  a 
Reynolds  nuaber  of  6  M  10*,  based  on  chord,  and  angle  of  attack  and  Mach  nuaber  were  varied  over  a  range 
sufficient  to  produce  transonic  flows  covering  weak  and  strong  shock-wnvc  boundary- layer  Interaction  and 
attendant  displaceaent  effects.  The  boundary  layer  was  tripped  on  the  upper  and  lower  aodel  surface  to 
ensure  turbulent  flow  beyond  Tt  chord.  Model  pressures,  wall  boundary  pressures  and  shapes,  total  drag, 
lift,  and  flow  field  and  wake  velocities  froa  an  IDA  lystea  ware  decaaanted.  A  data  base  of  this  type 
(with  alnlaal  Interference  froa  a  tunnel  with  solid  walls)  provides  an  Ideal  basis  for  evaluating  the 
developaent  of  codes  for  the  transonic  speed  range  because  the  codes  can  Include  the  wall  boundary  condi¬ 
tions  aore  precisely  thw  Interference  corrections  can  be  aade  to  the  data  sets. 

The  data  are  being  used  to  assess  the  Influence  of  tairbulencc  aodellng  on  transonic  airfoil  caaputa- 
tlons  and  to  verify  the  davelopannt  of  a  transonic  code.™  At  present  the  code  does  not  Include  the  solid 
tunnel  wall  boundary  conditions,  but  a  prel Ininary  assetsaant  using  this  benchaark  data  Indicates  that  the 
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cede  KovIdM  viry  food  tlwUtlon  for  the  (trout  lotoroctioo  cases  ohen  the  Johnson-KIng  turbulence 
iodel"  Is  apleyod.  Results  of  the  casvarisons  for  one  strong  Interaction  ease  (idiere  separstlon 
occurred  at  Vm  trailing  adgo)  are  shoan  la  Fig.  7.  The  airfoil  pressures,  flea  field  velocities  at  con¬ 
stant  heights  above  the  aodel,  and  a  uakc  profile  at  the  trailing  edge  are  coopered  with  caaputatlens 
using  two  different  turbulence  nodels,  a  two-aguatlon  (q-w)  oodel,™  and  the  Johnson-KIng  (J-K)  oodel.” 
The  eaoparlson  shows  that  the  computations  using  the  leprovod  Johnson-KIng  turbulence  oedel  slnulates  the 
aaasurenents  very  well.  It  Is  limortant  to  ai^haslze  that  this  conclusion  could  not  have  baen  drawn  with¬ 
out  the  conplete  data  set  eoopesad  of  total  drag,  lift,  boundary  conditions,  and  flow  field  surveys. 

4.  Him  TUNNEL  REQUIREMENTS 

The  roqulrssonts  for  future  wind  tunnels  used  to  verify  CFD  naturally  result  fron  our  previous  dis¬ 
cussions  on  the  role  of  experinent  In  the  developoant  of  CFD.  The  oost  1(vortant  of  these  rsquirenents 
are:  1)  versatility,  along  with  well-defined  test  and  boundary  conditions;  2)  appropriate  scale  and  speed 
range;  3)  accessibility  of  nontntnislve  instruacntatlon:  4)  provision  for  high-speed  data  systans:  and 
5)  dedication  of  use  to  verlflcatlon-experlnentatlon.  Sane  exaples  should  help  to  develop  these  points 
further. 


4.1  UerMtnity 

As  discussed  previously.  CFO  appi lotions  are  expected  for  a  variety  of  aerodynanlc  flows  over  a  wide 
spaed  range.  Use  of  large,  fast  coaputers,  which  can  tlneshare  anng  problan  applications,  neans  that  the 
tine  needed  to  perfom  a  variety  of  cost-effective  coamutatlons  will  be  far  less  than  the  tine  to  design 
and  perfom  conpanlon  axperlaents.  Nevertheless,  the  co^xjtatlons  still  should  be  verified  to  ensure 
confidence  In  the  results,  and  a  United  nunber  of  well-thought-out,  cost-effective  experlnonts  will  be 
needed.  Versatility  oust  be  kept  In  nind  when  considering  facilities  to  accomodate  these  experlnents. 
This  Is  particularly  true  for  the  building-block  studies  In  which  phenoaenologlcal  Infomatlon  will  be 
required  for  a  wide  variety  of  flows  and  for  the  verification  studies  In  which  wind  tunnel  boundaries  are 
critical  (as  In  the  transonic-speed  rcglnc)  and  nay  have  to  be  nodlfled  fron  test  to  test. 

The  Amt  High  Reynolds  Nunber  Channel  facilities  provide  an  axmple  of  versatile  design.  These 
facilities,  shown  In  Fig.  8.  operate  In  a  blow-down  node  over  a  speed  range  fron  subsonic  to  supersonic 
(Mach  •  3  naxlnun).  Test  section  dinentlons  are  10  In.  by  IS  In.  and  16  In.  by  24  In.  for  channels  I 
and  It,  respectively.  In  subsonic  application,  speed  Is  varied  through  a  downstrem  choking  device.  At 
supersonic  speeds  Individual  nozzles  designed  for  the  desired  Mach  nunbers  are  used.  Air  fron  a  large, 
high-pressure  storage  systan  provides  the  capability  to  operate  at  high  Reynolds  nunber,  and  run  tines  are 
sufficient  to  collect  the  types  of  data  required  for  nodellng  and  benchmrk  experlnents.  The  test 
sections  are  replaceable  and  are  considered  to  be  part  of  the  test  nodel.  In  this  way,  separate 
expcrlmnts  dadicated  to  a  particular  test  section  can  be  Interchanged  without  dlsmntllng  the  entire 
setup,  and  reentry  Into  the  facility  can  be  mde  to  clarify  or  expand  upon  certain  data  sets.  Savings  In 
setup  tim,  and  the  ability  to  perfom  several  experlnents  In  series,  are  the  obvious  advantages  of  such 
an  arrangemnt. 

Kay  building-block  and  verification  experlnents  have  been  perfomed  In  these  tunnels.  Figure  9  shows 
geomtrles  for  som  of  the  experlmnts  perfomed  In  channel  I,  which  can  be  equipped  with  either  a  rectan¬ 
gular  or  a  circular  stagnation  chamer  Inlet.  Som  of  these  experlnents  were  used  by  the  International 
comninlty  at  the  1981-2  Stanford  Confemnee  as  test  cases  for  evaluating  the  ability  of  codes  to  predict 
conplex  turbulent  flows.  Channel  II  Is  now  configured  for  airfoil  experlnents.  It  uses  shaped,  solid, 
upper  and  lower  walls  and  side-wall,  boundary-layer  renoval  as  mntloned  In  the  previously  described 
benchmrk  experinent. 

4.2  AnnrMirlxf  Vel.  iinil  Snewd  tmntft 

SiHlIltude  Is  an  Imwrtant  aspect  of  testing  to  validate  CFD  developmnt.  Applications  of  CFD  will 
enconpass  Internal  as  well  as  external  aerodynmic  flows,  so  the  anticipated  ranges  of  scale  and  speed  In 
facilities  enployed  for  verification  will  be  broad.  Indeed.  An  exa^le  of  the  Nach-nunber,  Rcynolds- 
nunber  domln  for  external  aerodynmic  flow  over  an  aerospace  vehicle  Is  shown  In  Fig.  10.  A  man  aerody- 
nnilc  chord  was  used  as  the  length  scale  In  the  Reynolds  nunber.  The  hypersonic  regim  Is  typical  of 
vehicle  entry  conditions.  In  this  case  It  depicts  the  nonlnal  Space  Shuttle  vehicle  trajectory  condi¬ 
tions.  CFD  applications  and  attendant  verification  studies  are  certain  to  arise  over  the  speed  rtgim 
fron  subsonic  through  hypersonic.  A  critical  need  for  high  Reynolds  nuaber  capability  occurs  In  the  tran¬ 
sonic  and  low  supersonic  regions,  and  In  the  hypersonic  regions  for  exit  trajectories  associated  within 
the  latest  aerospace  plane  concepts.  It  should  also  be  noted  that  at  hypersonic  speeds  the  associated 
enthalpy  and  vehicle  scale  way  preclude  ground-based  stollltude,  so  flight  verification  experlmnts  of 
leport^  flow  phenomna  (such  as  reacting  chaartstry,  radiation,  and  transition)  smy  be  necessary.  Fortu¬ 
nately  the  viscous  phenomna,  laportant  to  vehicle  stability  and  control,  can  usually  be  duplicated  In 
ground-based  verification  cxperlsmntt  that  test  at  the  appropriate  Mach  and  Reynolds  nuabers.  In  the 
absence  of  true  enthalpy  slaulatlon. 

Although  scale  Is  reficetad  In  tha  test  Reynolds  nuaber,  actual  aodel  dlaenslons  are  also  Taportant 
because  details  of  tha  viscous  regions  mst  be  masured  In  som  axperlaents.  In  this  regard,  aodel  sizing 
aust  take  account  of  the  achievable  resolution  scale  of  the  Instruaents  to  be  eaployed.  Me  have  found 
that  facilities  with  test  section  areas  of  1  to  2  ft*  have  been  quite  satisfactory  for  use  in  building- 
block  exparisants.  in  our  IDA  applications,  we  achieved  spatial  resolution  to  within  0.01  in.,  which  was 
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MifflclMt  to  providi  viscous  profile  dots,  lut  In  soao  of  tkoto  osporlsants,  the  viscous  raglon  under 
study  kid  to  be  developed  elong  the  tunnel  Mils  to  eekleve  edequete  profile  resolution.  For  verlficetlon 
In  esperlswits  of  cosplcx  sirodyntlc  •eosMtrles.  nedel  dlaenslont  of  ibout  1  to  2  ft  ney  be  required  to 
resolve  viscous  roflons,  so  lerger  tunnels  uey  be  uore  epproprlate. 

4.3  Optlcil  teem 

denlntruslv  Instrmntitlon  u111  pipy  m  Increetingly  Inportent  role  In  experinents  perfomed  to 
verify  CFO.  Therefore  another  laportant  raqulronant  for  facilities  perfonslng  such  experinents  will  be  a 
provision  for  aptlcal  access.  Furthernore,  three ■dinenslonal  flows  will  cerise  a  najorlty  of  future 
studies,  and  aoeesslblllty  for  a  wide  range  of  viewing  perspectives  Is  desirable.  Open- jet,  test-section 
facilities  provide  the  best  access,  but  conflnad  test  sections  are  note  conventional.  Access  requiransnts 
for  the  latter  nay  present  a  fomidabte  challenge,  but  succetset  have  been  achieved,  as  lllustratad  next. 

The  two-coeponent  laser  velocleeter  systae.^^  which  was  used  to  neasure  the  flow  field  velocities  and 
turbulence  quantities  In  the  airfoil  experinents  perfomed  In  High  Reynolds  huin>er  Channel  II  discussed 
previously.  Is  shown  In  Fig.  11.  The  requlrenent  was  to  provide  nonlntruslve  test  data  In  a  hlgh- 
Raynolds-nuaher  transonic  test  tunnel  envlronnent.  The  facility  utilized  a  pressurized  test  cabin.  The 
laser  and  Its  dual-bens  sending  optics  are  nounted  outside  and  on  the  tap  of  the  cabin,  and  a  translating 
nachanlsn  (equipped  with  Inner  optics  and  located  Inside  the  cabin)  provides  accurate,  rapid,  prepro- 
graniad  positioning.  Fiber  optics  are  used  to  collect  the  forward-scattered  light  fron  the  focal  voluae 
In  the  test  strain  and  to  transnlt  It  to  the  photoMltlpller  tubes  located  outside  the  cabin.  Optical 
access  Into  the  test  strean  Is  provided  by  glass  windows  located  In  the  nodal  turntable  and  In  the  side 
walls  downstraan.  In  the  vicinity  of  the  nodal  far  wake.  Experience  to  date  with  the  systan  shows  that 
stable  aptlcal  allgiasant  can  be  nalntalnad  during  blowdown  runs  and  fron  blowdown-to-blowdown. 

It  should  be  noted  that  there  Is  a  need  for  developing  nonlntruslve  neasurlng  devices  with  better 
special  resolution,  especially  for  three-dlnenslonal  applications. 


4.4  lutx  tyvfw 


The  quantity  and  scope  of  the  data  needed  for  verification,  the  sophistication  of  new  Instrunente- 
tlon,  and  the  ncad  for  close  coordination  between  experinent  and  coaputatlon  all  require  that  a  cos^ter- 
Izad  data  systan  be  provided.  The  systen  should  provide  control  for  tunnel  and  Instrunent  functions, 
acquire  data,  parfom  arlthnetlc  operations,  and  act  as  an  Interface  between  CFD  users  and  the  axperlnen- 
tallsts.  It  should  provide  real-tine  data  acquisition,  especially  If  the  tine-dependent  phenonena  are 
encountered.  Expert  systnas  could  be  Incorporated  for  faster  and  nore  accurate  data  acquisition. 

An  Idealized  systan  it  depicted  in  Fig.  12.  The  kernel  Is  a  nain  caqniter  with  sufficient  capacity 
and  spaed  to  perfom  suUlfunctlon  tasks.  For  exanple.  It  would  have  connand  and  control  functions  for 
snaller  conputers  used  to  control  and/or  conaand  tunnel  and  Instrunentatlon  operations;  acquire  low-  and 
high-level  data  directly  or  Indirectly;  perfom  arlthnetlc  operations  to  reduce  the  data  to  the  desired 
fom;  direct  date  to  storage  or  output  devices;  and  nake  coaparlsons  with  conputatlons.  l^ortantly.  It 
would  Interface  with  both  the  experlnental  fluid  dynanics  (EFD)  and  CFD  user  networks  so  that  date  coapar¬ 
lsons  and  test  decisions  could  be  node  In  a  synergistic  fashion. 

4.S  bMUretilwi  to  WM-lflrwtlrm 

Accurate,  redundant  (In  sone  Instances),  end  detailed  aeasurenents,  often  eu^loylng  state-of-the-art 
Instrsxeentetlon,  am  required  In  the  experinents  used  to  verify  CFD.  Inevitably,  aquipnent  breakdowns  and 
data  anonalles  will  arise  so  that  retesting  for  clarification,  and  even  further  Investigations  using  dif¬ 
ferent  Instrunentatlon,  nay  be  needed.  Sufficient  tine  to  conduct  the  co^rehenslvc  experinents  will  have 
to  be  provided.  Themfom,  dedicated  equlpnent  and  test  tine,  specifically  for  these  experinents  will 
have  to  be  provided  If  tlnely  developnants  am  to  occur. 

5.  DATA  CgHRLHENESS  AM  ACCURAa  REqUlREMEMT 

Assessing  the  accuracy  and  predictability  of  CFD  codes  and  their  turbulence  nodels  requires  special 
attention  to  data  coivleteness  and  accuracy. 


The  conpleteness  requiranants  for  a  building-block  experinent  to  study  turbulence  nodellng  of  a 
supersonic  shock-wave,  boundary-layer  Interaction  In  the  vicinity  of  a  canpmstlon  comer  Is  shown  In 
Figs.  13  and  14.  In  such  flows  unforced  shock  unsteadiness  occurs.^  and  laser  veloclncter  neasurenents 
of  naan  and  fluctuating  flow  quantities  nust  take  account  of  the  unsteadlnwts  to  avoid  nisleading  Inter¬ 
pretations  regarding  nodallng. 

A  typical  Joint  probability  distribution  function  (JPDF)  of  velocities  Is  shown  In  Fig.  13  (which  Is 
taken  fmai  Ref.  22).  The  gaanctry  Is  an  axisynnetric  cylinder  flam.  The  JFDF  was  obtalnad  at  a  location 
In  tbn  outer  hanndary  layer  alang  the  flam  and  dewnatmsn  ef  the  naan  petition  of  a  sapamtlon  shock 
wvo.  The  bModallty  of  the  distribution  It  particularly  evident  and  It  ttrengly  Indicative  of  antteady 
shock  wave  notion.  The  tw  peaks,  labeled  s,  and  Sy,  am  rapresentativa  of  velocity  states  upstman  and 
downstrean  ef  the  sapamtlon  shock  wave.  Nitb  each  of  these  states  Is  associated  a  toul  probability  of 
occurmnee  (pj  and  F^  •  1  -  pj),  naan  velocities  (Uj,  uy  and  vj,  v^),  turbulent  nomal  stresses,  and 


turiwlMct  tkMT  ttr«s$c«.  A  stralfkt-fonNrd  mtirtU  rtvMlt  tint  tli«  diffcmicc  In  mn  vitucs  (u>  - 
H])  and  (*{  -  vj)  f or  the  tMO  stttei  contributes  to  the  stresses.  The  sheer  stress  contribution  due  to 
unsteedlnets  Is  -PiPyCuj  -  Usit*!  ~  ***  ■■*»>red  to  he  7SI  of  the  totel  shear  stress.  This  con¬ 

tribution  to  the  mai  Reynolds  stresses  Is  due  to  an  organized  or  coherent  notion  of  the  shock  rather 
than  to  Incoherent  or  dissipative  turbulence. 

Figure  14  shOM  zero-drag  particle  paths  In  a  plane  of  syenetry  for  a  thrce-dinenslonal  coopresslon 
surface  achieved  gaoaotrically  by  tilting  the  flare  axis  relative  to  the  cylinder  axis.  Velocity  neasure- 
nants  fna  an  LM  uare  used  to  construct  the  patte  hy  conditionally  saavllng  the  data  on  the  basis  of 
shock  position  (a.g..  shock  forward,  shock  back)  and  te  using  all  data  representing  the  long-tine  nean. 
These  are  coapai^  with  solutions  fron  tea  Rnynelds-averegad.  Ravler-Stokes  equations  tdilch  anploy  an  eddy 
viscosity  turtulanee  nodal.  The  saparatlan  location  novas  considerably,  and  even  the  long-tine  nean  con- 
putar  slaulatlons  do  not  cigars  favorably  trite  the  expertaent.  Turbulence  data  are  also  available  so 
that  flow  unsteadlnast  can  be  saparatad  fron  the  randon  turbulence,  and  these  data  will  be  used  to  guide 
iHprovaaants  In  nodal Ing. 

5.2  ACfllCIfiy 

CFD  validation  will  ultlnately  dapand  on  a  thorough  understaiidlng  of  the  algorlthn  llnltatlons,  and 
the  Influence  and  physical  basis  of  grid  density.  It  will  require  experlnents  that  verify  the  ability  of 
the  code  to  accurately  nodal,  for  a  range  of  practical  paraneters,  the  critical  flow  physics  and  its  con¬ 
sequent  flow  bahavlor  around  aerodynanlc  shapes.  The  latter  can  occur  only  when  the  accuracy  and  llnlta- 
tlons  of  the  experlaontal  data  are  known  and  thoroughly  understood.  He  have  already  dlscutsad  the  various 
types  of  experlnents  In  our  Idealized  scenario  for  developaent  that  arc  depicted  In  Fig.  3.  Currently, 
the  validation  process  Is  hmpared  soatuhat  by  the  lack  of  adequate  Instrunentatlon  and  ground-based 
facilities  to  cover  the  range  of  anticipated  applications.  Therefore,  redundant  neasurenent  techniques, 
sinllar  experlnents  perforned  In  nore  than  one  facility,  and  careful  substantiation  and  specification  of 
cxpcrlnantal  accuracy  Units  will  be  necessary.  Such  requlrenents  nake  It  essential  that  the  coaqxita- 
tlonal  and  experinental  disciplines  be  carefully  coordinated. 

6.  coMcumihe  remarks 

Experlnents  play  a  critical  role  In  the  developaent  of  CFD.  They  provide  the  phenoaenologlcal  data 
to  help  In  the  process  of  flow  aodeling  and  they  provide  the  verification  necessary  to  Instill  confidence 
In  the  coaputatlons. 

A  synarglstlc  approach,  coaprltlng  closely  coordinated  experlnents  and  coaputatlons  at  all  levels  of 
coiteititlonal  developaent,  was  described  In  order  to  set  the  grounhiork  necessary  to  develop  requlrenents 
of  facilities  to  be  used  to  verify  CFD.  Building-block  experlnents,  which  address  fundanental  phenoneno- 
loglcal  questions,  were  described.  Experlnents  of  this  type  require  nore  conprehensive  sets  of  data.  In 
these  Instances,  nore  sophisticated  instrunentatlon  would  be  the  norn  rather  then  the  exception.  Bench- 
nark  experlnents  were  described  next.  These  experlnents  Identify  the  accuracy  and  Units  on  our  ability 
to  coapute  coagilex  flows.  The  types  of  data  required  differ  fron  the  nore  fundanental  experlnents  In  the 
sense  that  phenoaenologlcal  Issues  arc  not  Investigated  In  detail  sufficient  to  Identify  their  causes. 

Data  accuracy  and  conpleteness  requlrenents  were  also  noted. 

The  Idealistic  breakdown  of  the  experlnents  and  neasurenents  described  helped  to  Identify  the  nore 
l^wrtant  requlrenents  for  wind  tunnels  to  be  used  to  verify  CFD.  Versatility,  appropriate  scale  end 
speed  range,  accessibility  for  nonintrusive  Instrunentatlon,  coe^terlzed  data  systens,  and  dedicated  use 
for  verification  were  anong  the  nore  Inportant  requlrenents  Identified. 
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Figure  1.  Maturation  of  CFD  over  the  pest  dece*  for  Space  Shuttle  Aerothenaodynaailcs.  a)  Circa  1974: 
equivalent  shapes  and  solutions  froa  Invlscld  and  boundary-layer  equations,  b)  Present:  coaplete  geoaetry 
and  solutions  froa  Reynolds-averaged.  Navler-Stdkcs  equations. 
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Figure  6.  A  bu11d1tig>b1ock  experlaent  used  to 
develop  an  laproved  turtulence  JBOdel. 


Figure  7.  A  benchnark  airfoil  experinent  used  to 
verify  developaent  of  an  Inproved  turbulence  aodel. 
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Figure  12.  An  I4m1  c«NMterl2c4  diU  systtm. 
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(bl  FROBAStLITV  DISTRIBUTION  FUNCTION 

Flgur#  13.  Joint  proboblllty  distribution  function 
JFOF)  for  u  ond  v  for  «  30'  axlsymctrlc  conpres- 
Sion  comer. 
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Figure  14.  Psrticle  piths  over  i  sksued  30'  sxisywwtric  caapresslon  comer  froa 
condItloMlIy  stapled  liter  veloclaetcr  diti  end  froa  t  Riynolds-tvertged,  Ntvler- 
Stokes  code  cotwutitlon. 
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ROUND  TAtU  DISCUSSION 
Prof.  tfermiM 

A^  tho  Md  of  thli  SyapoaiuB  m  will  hove  two  chloRs.  first  the  report  of  the  technicol  evaluator  and  then 
the  dloeuMloo.  The  tocholeal  evaluator  la  t.E.  Uater  will  now  apeak  about  this  SyapoaliM  and 
auaBarlse  bis  feeling  of  the  preoenced  talks. 

Dr.  Uater 

It  la  always  a  problea  to  try  to  aunarlae  such  a  variety  of  acttvltlea  and  papers  that  we  have  heard 
during  a  Syeposlia.  At  first  1  thought  in  terns  of  trying  to  give  a  rather  extensive  detailed  account  of 
a  nunber  of  things  here,  but  then  1  learned  that  our  tine  la  shorter  than  I  expected.  But  there  are  soae 
points  that  are  worth  bearing  in  nind  with  respect  to  this  Synposlun.  The  thene  of  the  Synposiun  was  very 
well  stated  In  the  brochure.  There  are  basically  three  questions  in  there  that  are  very  well  stated.  In 
a  nlnuta  I  propose  to  go  back  and  address  those  three  questions  and  whether  or  not  I  think  that  this 
Synposlun  has  addressed  then  or  not. 

There  is  one  problen  that  pemested  throughout  the  Synposlun  1  noticed  while  listening  to  the  papers  which 
80**  *11  ftie  way  fron  the  title  of  the  progran  to  the  content  of  aone  of  the  pepera.  That  deals  with 
temiaology  that  we  are  using  here  in  the  wlodtuonal  connunity.  I  as  a  part  of  that  problen  in  that  I  had 
a  hand  la  entnblinhlng  the  title  of  the  Synposiun  Itself.  That  word  "accuracy”  la  the  one  that  really 
throws  na.  Actually  we  have  used  several  terns  here  lonewhat  interchengsably  without  thinking  a  lot  about 
what  wa  really  naaa.  for  exanple*  the  tema  accuracy,  error,  ebeolute  error,  repeatability,  uncertainty, 
bias,  precision  wars  used  nssnlng  the  sene  sad  different  things.  You  bavs  heard  all  of  these  words  and 
**y^  there  ere  e  few  nnre  thet  I  haven't  thou^t  of.  The  tern  accuracy  has  been  used  to  represent  nsny 
different  things.  It  has  been  used  to  represent  precision.  It  has  been  used  to  seen  repcstsbllity.  I 
thlak  that  the  two  papers  that  we  had  fron  the  PER  peoel  give  us  sons  guidesnee  that  sight  In  the  future 
be  worthwhile.  They  have  structured  tbenselvea  in  the  propulsion  world  pretty  well  in  that  they  are  now 
cslklng  in  tarns  of  uncertainty  and  using  the  terns  bias  and  precision.  Along  with  that  they  have 
developed,  using  tbs  Abernathy  approach,  a  aethod  of  calculating  bias  and  precision.  Sonething  like  this 

night  be  adopted  by  the  wlodtuonel  connunity.  By  far  end  large,  though,  the  way  the  word  "accuracy"  is 

used  is  in  terns  of  precision  sod  repeetsbility.  mo4  note  or  less  Interchangeably.  That  Is  a  little  thing 
that  has  bothered  ne.  I  hope  nsybe  in  the  future  we  can  be  n  bit  sore  precise  about  this. 

The  Synposiun  basically,  dealt  noatly  with  low  speed  sod  transonic  flows.  That  was  principally  by  design, 
although  we  had  sent  reference  to  hypersonic  flow.  An  tins  novea  on  there  will  be  Increnslng  Interest  in 
the  supersonic  sad  hypernoolc  regine.  1  think  that  the  techniques  that  are  osed  for  designing  vehicles  are 
going  to  nove  fron  then#  so-csllod  roferonco  nothodn  that  Nr.  Krens  nentioned  this  noming  to  the  direct 
scaling  tochaiquos.  In  toms  of  uacerUinty  that  nesns  that  you  are  going  to  have  to  design  these  new 
types  of  vehicle*  sot  Just  using  data  developed  fro*  precision  nessursnents.  but  you  are  going  to  need  to 
knew  note  about  bias  effects  in  the  data,  because  we  don't  have  any  reference  data  to  use.  That  la  going 

to  asks  it  nore  difficult  in  the  high  speed  world  to  develop  eystene. 

Uc  heard  throughout  the  Sjmposlun  a  great  deal  about  requirenents  for  developing  traneport  type  aircraft, 
in  particular  we  heard  that  we  would  like  to  have  a  repeatability  or  a  precision  In  drag  coefficient  of 
about  one  count.  Apparently  that  is  achievable  with  current  day  technology  in  terns  of  balance  deelgn  and 
so  on.  Howavar,  when  we  go  into  the  cryogenic  technology,  it  senna  that  this  la  not  quite  so  eaay  s'* 

Frof.  Bwald  has  pointed  out  to  us.  That  raises  a  question,  la  the  uncertainty  associated  with  asking 
fores  nsasurananta.  in  theae  cases  where  you  have  cryogenic  wlndtunoel  testa,  la  that  uncertainty  going  to 
be  nore  thsn  idiat  you  would  have  if  you  were  to  take  cooventlonnl  wlndtunoel  results  and  extrapolate  then 
to  the  higher  Reynold!  nunber  caaen?  I  don't  know  the  answer  to  that,  but  it  is  sonething  to  think  about. 

There  wan  not  a  lot  said  about  ailitary  aircraft  and  idint  the  requirenents  are  for  their  developnent  with 
the  ecceptlon  of  this  noming.  It  wan  nentlooed  that  n  preciaion  of  the  order  of  two  drag  counta  was 
needed  for  cruise  conditions  and  five  drag  counta  for  low  speed.  It  would  be  nice  If  we  could  have  heard 
note  on  that. 

It  aeena  to  ne  thet  if  we  do  think  of  "accuracy"  in  tens  of  neaning  precision,  then  we  are  not  doing  too 
badly  for  the  low  speed  and  traaaonic  flown  in  asking  force  neaaureaenta.  But  bias  la  the  problen  in  the 
wiodtunnela.  Bina  la  basically  ralated  as  nuch  as  anything  to  the  differeocen  that  you  night  find  between 
wind  tuaaeln.  Each  wladtunael  ban  its  own  unique  bine  ande  up  of  anay  fnetora  and  in  different  in  each 
wiodtuaael.  For  exaeple,  wall  Interference  la  really  a  blaa.  So  each  tunnel  has  a  different  bina  for 
wnll  Interference.  Tlie  sane  thing  could  be  nnid  for  aouatlng  Interference  end  turbulence  level,  etc. 
Treating  these  things  and  knowing  what  they  are  and  being  able  to  reduce  then  In  n  goal  that  we  should 
continue  to  work  towards,  eapoclally  If  we  are  going  to  dlroct  scaling  typa  of  detlgna. 

Lat  M  finish  by  cooMatlng  upon  tba  thxea  questions  that  we  had  put  to  us  in  our  thaoe.  The  first 
question  wan,  'Vhnt  an  the  actual  deoanda  in  tens  of  accuracy  of  data  that  the  users  have  on 
fncilitlenf".  There  ware  aone  explicit  atateoeata  onde  along  thaae  llnea,  like  noasurlag  dreg 
repeatability  to  IX  or  one  count.  Noatly  the  question  wna  treatod  iopllcitly  and  nay  hnvo  loft  ua 
grasping  n  littla  bit.  Tho  nocond  question  wan  "ohat  accuracy  la  achievad  in  nodera  fncilttient".  Nnre 
we  had  oore  reaponne  to  tho  quoation,  and  it  was  daalt  with  raaaonably  well.  The  third  question  wan  Shat 
■nnaurea  can  bo  taken  to  loprovo  tho  aituntion”.  Far  and  largo  tho  issues  are  Identified  pretty  well;  how 
to  approach  theo  in  oftm  a  probleo.  Hare  I  think  wo  need  to  uadorntnnd  the  various  cootrlbutiona  of  bins 
to  wind  tiMMl  data  uacortnlaty.  I  don't  have  a  auggentioo  that  in  basad  on  aonathlag  tangible,  hut  one 
big  problea  tho  windtunnol  cooaunlty  has,  as  1  oontlonad  la  tho  beginning,  is  tha  business  of  adopting  a 
eoMon  basin  of  treating  data  uncertainty. 
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I  bcliev«  chat  In  ceraa  of  what  wa  can  do  Co  help  iaprove  the  aicuation  In  the  future  le  to  continue  our 
reaaarch  on  laprovlng  things  like  correcting  for  wall  Interference  and  strut  interference  and  being  able 
to  be  a  bit  sore  controlled  and  rigid  In  the  developaent  of  viscous  siaulatlon  techniques.  1  night  scop 
to  say  here  Chat  the  Working  Group  09  activity  and  Che  subsequent  special  course  that  Is  going  to  be 
presented,  should  be  advertised  well  to  our  engineers  in  both  Europe  and  Che  U.S.  Anyway  there  is  a  lot 
of  research  that  can  continue  to  be  done  that  is  certainly  going  to  help  to  reduce  the  bias  part  of  the 
problen,  and  no  doubt  will  do  things  to  iaprove  the  precision  as  well. 

Prof.  Homung 

Thank  you  very  nuch  for  chose  well  taken  points  and  also  for  your  own  views  irfiich  you  Interspersed.  We 
COM  now  to  a  ritual  which  those  of  you  who  have  attended  AGiUtD  neetlngs  know  about,  a  ritual  in  which  we 
spend  soMthlog  like  half  an  hour  discussing  the  topic  In  an  open  discussion.  I  have  very  strong  views 
about  this  kind  of  discussion.  I  believe  that  It  only  works  in  a  sensible  fashion  if  we  really  restrict 
ourselves  to  discussing  questions  in  s  brief  asnner  end  not  allow  any  speechea.  So  I  will  not  allow  any 
apeeehae.  I  will  cut  short  anybody  tdio  wnnCs  to  give  another  preaentatlon,  and  we  will  go  about  It  in 
Chnt  Moner. 

Let  M  start  out  by  eeylng  how  this  started.  It  wee  the  presentation  that  Bernard  Monnerie  aade  at  the 
Nstlooel  Oelegetee  Board  Heating  where  he,  by  presenting  In  this  aanaer,  got  ue  support  for  the  panel  and 
these  questions  that  appear  on  this  slide  were  the  once  that  prowpted  hia  to  start  this  SynposlM.  Maybe 
this  la  a  good  point  at  which  to  start  the  discussion. 

Do  you  havs  any  quastlona  or  any  points  chst  you  wnnt  to  dlscusst  Bernard  Horoerle,  do  you  want  to  start 
it  off. 

Mr.  OhMn 

I'll  start  off  fron  ths  back  with  Joe  Nervln'a  peper,  and  I  would  like  to  addrees  my  question  to  the  CPD 
people  about  code  verification.  Oelng  the  Reynolds  averaged  equation  you  can  calculate  the  whole  flow 
field.  Now  for  a  wlodcunnel  nan  it  is  such  sealer  just  to  do  surface  aeaeureMnce,  pressure  and  so  on. 

If  you  went  to  go  Into  flald  MssursMnts  you  are  talking  of  another  order  of  magnitude  of  verification 
maasuremcnCs.  I  would  like  to  get  som  sort  of  feel  for  the  rating  from  the  CFD  people  of  what  Is  the 
most  laportsat  for  them.  If  you  went  to  go  Into  the  field,  I  hope  chst  surface  measurements  are  still  the 
most  Important,  It  certainly  Is  for  the  aircraft  designer.  To  what  degree  do  you  need  field 
maasuremantsf  Thet  can  becoM  an  aoormoua  task  if  you  want  to  go  into  great  detail. 

Dr.  Msrvln 

TTErSTtEst  the  wmy  to  address  that  Is  as  follows.  If  you  look  at  the  state  of  CFD  as  it  currently 
exists,  there  isn*t  a  sufficient  data  base  to  really  indicate  how  accurately  you  are  doing  the  Nsvier 
Stokes  ccmpuUtlooa,  which  I  have  the  most  famlllarty  with.  Without  sufficient  mensurements,  there  may  be 
ways  of  Interpreting  the  surface  dau  to  make  your  comparlaons  look  more  accurate  than  they  are.  For 
example,  one  of  cha  blggtsc  mistakes  has  been  to  srrsnge  angle  of  attack  so  that  you  match  certain 
integral  quaetltlee  such  ee  lift  or  drag.  In  this  approach  you  may  else  the  influence  of  Mil 
Interference  effecta  which  are  significant  transonlcally,  for  eMople.  What  I  think  should  be  done  is  to 
perfora  a  aMll  number  of  axpsrlmoots  laltially  on  sample  configurations,  not  on  aircraft  at  this  point. 
Thoee  experhMOts  would  provide  surface  and  flow  field  measurements  that  establish  the  generic  aspects  of 
your  computations.  Can  you  do  a  shock  interaction  problem,  can  you  do  a  trailing  edge  problem^  Once  you 
heve  established  that,  then  you  can  move  on  to  the  more  complex  cases.  Following  this  approach  when  you 
do  the  more  complex  configuration  type  studies  you  probably  will  only  have  to  perform  e  few  selected  flow 
field  massuremencs.  But  you  will  have  to  know  the  precise  boundary  conditions  of  your  tests  and  Input 
those  In  your  codes. 

Mr.  Blsansar 

ywouITT^  strass  this  point.  I  like  the  distinction  very  nuch  between  buildlng-block 

exporlmamtt  and  bcnciMark  experlMnts.  It  Is  very  important  for  code  validation  to  use  benchMrk 
exporlmonts  as  wall  and  to  show  how  well  CFD  codes  perform  over  a  range  of  conditions.  From  that  you  can 
loan  quit#  a  lot  1  think  and  It  la  not  done  sufficiently.  If  you  find  large  discrepancies.  If  there  are 
unexplainable  phennmsna .  if  you  don't  catch  properly  certain  physical  plienonena,  then  I  think  It  might  be 
uaoful  to  go  on  with  field  moasuromente  to  find  out,  to  answer  real  questions  that  come  out  of  this 
eompsriooe.  Before  that,  rather  compare  basic  thlngst  lift,  pressure  distributions,  pitching  moments, 
drag  for  a  raoge  of  coodltlona,  and  if  that  is  satisfactory  you  don't  have  to  go  Into  field  oeasureMnts 
at  all. 


Biniom,  APC 

la  dol'^  m  'nlldatloa,  you  have  to  dealgo  the  experiment  to  answer  the  questions  that  the  code  needs  to 
have  snawarad.  If  oea  Is  dealing  with  surfare  phenomena,  then  you  any  not  need  flow  field  maasurements; 
but,  if  oaa  is  daaliog,  for  eaaple,  with  jet/free  stream  Interactioos,  where  you  are  trying  to 
charactarisa  the  jot/froa  atroam  shoar  layer  or  the  shock  development  In  the  Jet,  you  have  got  to  have 
flow  field  maasuremanta.  That  la  the  only  wsy  that  you  can  get  the  informatloa  you  need.  So,  the 
exparimanta  have  to  be  dealgaod  explicitly  to  verify  the  code  that  you  art  trying  to  verify.  One  other 
point  that  1  would  like  to  roltorato  that  Joe  made  very  well  sod  that  1st  the  codes  that  he  is  verifying 
are  verified  for  the  windtunoal  coodltlona,  ha  la  using  wiadtunnol  messurod  boundary  conditions,  tee 
caa't  properly  verify  a  coda  uaing  froo  air  boundary  coodltlona  with  axptrlnenul  dau  having  wlndtunnel 
boundary  coodltlona.  You  have  got  to  uaa  tho  bouadary  conditions  fron  which  the  axparlMoul  information 
wms  dorlvod. 


ThBftP  yo^***^  think  this  la  a  vary  good  point  and  perhaps  one  should  also  say  tliat  one  should  test  that 
variabla  which  la  moat  aaaaltlva. 

1  think  that  wa  have  a  quaatioa  froo  our  chairman  who  pr^ably  wants  to  want  even  more  complicated 
asparlMots. 


RTD-3 
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Hr«  S«ch«r 

I  am  not  speaking  as  a  Chalraan  now.  I  ausc  say  that  1  disagree  to  s  large  extent  vltb  Broa  Elsenaar's 
stateaent  froa  an  experlaental  side  of  view.  He  clalas  that  there  Is  no  need  for  How  field  aeasureaents 
at  the  present  stage»  or  1  aiauoderstood  hla.  Let  us  say  irttat  have  ve  done  during  the  past.  Ue  have 
coapared  our  theoretical  results  froa  differeot  codes  aalniy  potential  flow  codes  corrected  for  viscous 
flow  effects*  of  course*  for  the  boundaries*  for  the  geoaetry*  for  the  surface*  getting  pressures* 
Integrated  loads  and  having  forces  and  aoaents.  Ue  found  a  considerable  aaount  of  disagreeaent  with  the 
experlaental  results.  Then  we  go  to  a  higher  hierarchy  of  equations*  we  coae  to  Euler's  and  even  Nsvler 
Stokes.  We  found  the  aaae  basic  disagreeaent  and  Just  to  find  the  reason*  ve  need  auch  aore  detailed 
Information  froa  the  experiment.  That  means  in  other  words*  we  need  the  knowledge  to  measure  the  flow 
field*  the  flow  field  data*  not  only  pressures  but  also  velocities.  Look  at  separated  flow,  we  have  done 
an  exercise  in  the  last  two  yeara.  I  tfould  say  that  we  need  a  coaplete  new  increased  aaount  of 
experlaental  data  Including  the  whole  flow  field. 

Prof  .  Homung 

At  this  point  I  think  that  we  will  atop  the  discussion  on  this  topic*  and  we  will  change  to  one  tdiich 
leads  aaybe  Into  the  discussion  of  Working  Crou.  O')  results  snd  that  kind  of  work*  by  s  prepared  stateaent 
froa  Profeaaor  Van  Ingen  t^o  will  for  a  couple  of  alnutea  open  the  dlscuaslon  on  thia  field. 

Prof.  Van  Ingen 

Earlier  this  week  after  the  presentation  of  Dr.  Michel  ve  were  talking  about  the  quality  of  windtunnels* 
and  I  then  made  a  short  stateaent  in  support  of  his  views*  thst  you  might  express  the  qusllty  of  a 
wlodtunnel  In  the  N  factor  in  the  E^  method.  Pig.  1  shows  the  result  of  the  faaous  experlaent  by 
Schubsuer  and  Skraaatadt  on  the  transition  Reynolds  number  of  a  flat  plate  In  low  speed  flow  ss  a  function 
of  turbulence  level.  The  curve  shows  a  kink  at  .12  turbulence  level*  and  below  this  It  was  thought  that 
turbulence  %fould  have  no  Influence  on  tranaitlon  any  sore.  That  resulted  in  the  fact  (only  based  on  this 
single  picture')*  that  everybody*  building  a  low  turbulence  tunnel*  was  satisfied  with  .12  turbulence 
level.  Only  afterwards  It  was  found  out  that  at  the  lower  turbulence  level  noise  is  determining 
transition.  In  aore  quite  tunnels  you  may  find  higher  transition  Reynolds  nuabers.  Using  linear 
stability  theory  one  can  calculate*  as  a  function  of  the  Reynolds  number*  UX/  *  the  aapllflcatlon  factor  N 
which  Is  frequency  dependent.  This  M  Is  defined  through  AJAq  *  where  A  Is  the  disturbance 
aaplltude  at  some  x  and  Aq  Is  the  Initial  aaplitude.  Now  It  was  found  that  for  the  flat  plate*  where 
transition  at  these  low  turbulence  levels  was  between  three  and  four  million,  but  also  for  airfoils  you 
get  an  N  of  about  9  and  that  aethod  becaae  known  as  the  method.  It  Is  a  bit  strange  that  N  would 
characterise  transition  because  trhat  is  needed  is  really  Important  la  the  actual  aaplltude  A  *  Af*e". 
However*  since  all  of  these  low  turbulence  tunnels  have  been  built  more  or  less  to  the  same  recipe*  you 
nay  expect  that  they  have  aore  or  less  the  sane  Initial  amplitudes  and  so  you  can  get  away  with  N  only  In 
a  first  approximation.  If  you  go  Co  sone  more  detail*  you  have  to  make  this  N  a  function  of  the 
turbulence  characteristics  in  the  tunnel.  Of  this  the  turbulence  level  Is  not  the  deterainlng  factor*  as 
Dr.  Hlchel  pointed  out  already.  One  has  to  take  Into  account  that  only  part  of  the  spectrum*  containing 
Che  dangerous  frequencies  is  loportanc.  If  you  do  the  linear  stability  calculations  for  the  fisc  plate, 
you  can  convarC  the  Reynolds  number  for  transition*  which  varies  with  turbulence  level*  Into  a  varying  N 
factor.  Plotting  this  K  factor  versus  the  turbulence  level  In  percenton  a  log  scale,  a  rather  nice 
straight  band  is  obtained  (Fig.  2).  The  Schubsuer  and  Skramstadt  result  levels  off  at  low  turbulence,  but 
other  Investigators  <e.g.,  Nells)  find  points  which  are  more  or  less  in  line  with  a  linear  extrapolutlon 
of  the  high  turbulence  results  in  Fig.  2.  Ue  use  the  linear  relations  shown  In  Fig.  2  to  find  sn 
"effective  turbulence  level"  after  a  comparison  between  the  experimental  transition  region  and  calculated 
aapllflcatlon  haa  reaulted  In  an  N-factor.  Either  the  N'^factor  or  the  "effective  turbulence  level"  can  be 
used  as  a  quality  nuaber  for  the  facility.  For  our  low  turbulence  tunnel  In  Delft  we  get  an  N  of  11,  for 
gilders  in  flight  we  get  about  15  and  for  older  NACA  aeasureaents  we  get  about  9.  We  are  planning  a 
project  to  do  vlndtunnel  and  flight  experlaents  with  the  same  glider  wing  to  calibrate  the  aethod  for 
flight  circumstances.  (By  the  way  we  are  looking  for  a  sponsor').  If  you  want  to  calibrate  the  quality 
of  a  facility  using  the  N  factor  or  the  effective  turbulence  level  as  a  paraaeter,  you  have  of  course  to 
keep  in  alnd  that  the  result  nay  depend  on  aodel  shape  and  wingspeed.  You  should  not  fool  yourself, 
because  the  accuracy  of  finding  the  N  factor  depends  of  course  on  the  shape  of  the  pressure  distribution. 
If  you  design  the  body  such  that  N  grows  slowly  with  x*  that  la  a  good  discrimination  because  the  N  factor 
does  not  change  too  auch  with  the  measured  transition  position.  If  you  do  it  such  that  N  grows  rapidly 
near  transition,  it  is  very  easy  to  claia  a  very  high  N  factor  by  Just  measuring  the  transition  position  a 
little  bit  too  late.  So  what  I  propose*  in  line  with  Dr.  Michels  paper*  Is  that  we  should  use  the  N 
factor  as  A  kind  of  qusllty  nuaber  for  the  facility. 
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Pig.  2}  The  cricieel  eaplificetlofi  factor  H  in  the  a  sathod  for 
tranaicion  pradiccion  aa  a  function  of  Che  'effective  turbulence 
level'  Tu  (2);  Ml  •  beginning  of  transition  region;  112  ■  end  of 
tranaicion  region. 


Prof.  Homung 

Ihia  was  also  diacuaaion  by  Or.  Micbel.  Maybe  chat  la  a  these  that  we  should  discuss  In  the  view  also  of 
the  people  who  did  the  HG  09.  Is  Eli  Reshotko  here?  Would  you  like  to  say  sosethlng? 


V  Prof.  Reshotko 

Just  with  respect  to  the  N  factor.  It  Is  a  useful  technique  but  one  Bust  be  cautioned  that  the  value  of  N 
that  correlates  with  transition  is  also  dependent  on  the  coBputational  technique;  how  good  the  stability 
codes  are  that  are  being  used.  The  N  factors  can  vary  depending  on  the  degree  of  sophistication  of  the 
stability  codes.  As  an  asidet  the  arguaenta  have  been  carried  into  the  transonlCi  supersonic  and 
even  are  now  getting  close  to  hypersonic  reglnes  through  coaputations  by  Malik  at  NASA  I^ngley.  The 
nuBber  N  of  10  to  11  holds  up  for  the  good  quality  flight  esperlBeots  that  have  been  analysed  as  well  as 
good  quality  tunnel  experlBents,  provided  that  one  carefully  Inclwles  curvature •  principally  transverse 
curvature  in  the  stability  coaputatioos  for  cones.  Also  the  correct  relationship  between  Elat  plate  and 
cone  transition  hss  in  fact  been  duplicated  when  the  transverse  curvature  is  taken  Into  account  for 
cones.  So  the  technique  is  a  good  one»  but  the  coaputatlons  have  to  be  done  carefully  with  good  codes. 


Prof.  Clray 

I  think  the  tunnel  envlronaent  is  one  of  the  subjects  that  has  been  raised  frequently*  recently.  The 
tunnel  envlronaent  is  not  aerely  coaposed  of  velocity  fluctuations.  Fhrtheraore*  turbulence  of  velocity 
field  cannot  be  represented  only  by  the  so-called  turbulence  intensity  or  turbulence  level.  Other 
psraaeters  such  ss  scale  of  turbulence  or  power  spectra  are  known  to  have  their  own  input  on  boundary 
layer  characteristics,  developaeot,  transition,  ^ocks,  etc.,  therefore  on  windtunnel  perforaance 
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Another  point  to  be  edded  la  that  there  does  not  seea  to  exist  investigations  on  eoabined  effect  of 
various  windtunnel  environaeatsl  effects.  Such  studies  like  the  coablnetlon  of  velocity  fluctuations 
(rspresented  by  level,  ecsle,  spectra,  etc.),  pressure  gredieot,  enthalpy  fluctuations,  noise,  etc. 

Usuelly  each  of  these  parsaeters  la  Investigated  alone,  such  as  the  effect  of  turbulence  level  on  boundary 
layef  eharBcteTistlcs.  In  reality  it  is  seldoa  that  only  one  of  these  parsaeters  is  effective.  Since  the 
contribution  of  individual  parsaeters  is  not  si^ly  additive,  the  eoabined  effect  should  be  aeperetely 
investigated  even  if  the  result  of  the  investigation  shows  that  the  individual  contributions  are 
additlva.  I  think  it  is  clesr  that  th«  result  of  this  kind  of  work  is  relevant  to  the  subject  of  the 
Syapsaiaa. 

Dr.  Ryi^tar 

1  wouI<i  tlEe  to  stress  the  point  of  qualifying  the  windtunnel  flow  quality  by  the  N  factor.  This  is 
estrsaely  laportant  If  you  think  on  tba  oaxt  generation  of  aircraft  having  Isaloar  wings.  Nobody  would 
like  to  go  into  a  windtunnel  having  s  saall  K  factor.  Thus,  this  value  is  needed  for  doing  good  reaoarch 


work  mod  •xporlwental  vorlflcotlon  lo  a  vlndtuaaal  wbaa  you  doal  with  lawiaar  flow  on  wioga.  So  you  wuat 
qualify  your  wiodtunnal  lo  toroo  of  N  factor  agaloat  free  flight*  Ihla  la  very  iwportaot. 


Pr*  Mtlor 

1  woui^  rika  to  rofar  to  tho  papar  praaaotad  by  Dr*  Nlchai*  Ha  dawowatratad  that  bia  datailad  turbuleoce 
waaiurawapta  ^taioad  lo  variaua  wind  tuaoala  eaa  ha  eorralatad  with  traaaitiM  waaaurawaota  carrlad  out 
on  tba  MTUt  prolata  apharold  io  tha  aawa  faelliciaa*  Ve  juat  have  atartad  a  pr^>oaal  for  tba  Europaao 
Oooauoity  to  gat  aowa  fiaaneial  aupport  for  furthar  traaaitloo  and  turbulaoca  waaourawaota  io  largo 
Baropaas  low  apead  and  tranaoolc  wind  tuonela.  Tba  purpoao  of  thaaa  lavaotlgationa  ia  to  cowpara  wind 
tuanala  with  aaeh  othar  and  to  obtain  oaaalngful  axparinental  input  for  tranaltioa  calculationa  Ilka  the 
li*faetor  waotiooad  by  Prof,  van  Ingan.  It  would  be  vary  intereatXng  of  eourae  to  perforw  relevant  free 
flight  taata  ia  additloo*  Howavar,  thia  ahoold  ba  the  next  atap. 

y.  BlaaoMr 

TwouX3”TEEa  to  aaka  one  ralativa,  waybe  a  littla  hit  provocatlva  ranark  about  tba  windtunnal  flow 
quality*  Row  quality  la  vary  laportant  for  the  tranaitloo  location  and  in  that  rcapact  it  ia  very 
laportant  for  a  ounbar  of  flown  Ilka  airfoils  with  laainar  flow.  For  thia  case,  flow  quality  is  vary 
Important.  Othar  aapacta  are  very  laportant  as  well.  Surface  quality  ia  very  important.  He  haven't 
talked  at  all  about  dirt  in  the  wlndtuanala»  but  everybody  who  works  with  natural  laainar  flow  tasting  in 
tba  windtunnala  knows  that  dirt  ia  a  vary  acrloua  problem.  Heat  tranafer  ia  very  important,  and  I  think 
about  cryogenic  tunnels.  So  for  teats  with  free  transition  where  the  transition  location  depends  very 
auch  on  small  effects  like  flow  quality,  surface  ftnl^,  then  you  really  have  a  problem  io  the 
windtunnal.  For  a  lot  of  other  flows  «i^re  the  transition  location  ia  deteralned  by  the  pressure  gradient 
or  by  tha  Reynolds  nunber  in  the  case  of  e  wing,  with  wing  nwaep,  end  lending  edge  eontenlnntlon,  then 
flow  quality  ia  not  laportant  nt  all  1  think,  at  laaat  when  it  la  below  a  certain  level.  You  can  get  away 
with  present  day  windtunnala. 

Prof.  Homung 

A  little  lilt  of  flow  quality  ia  alwaya  good,  at  all  la  axceaaive.  Thia  opena  a  new  direction  at  the  sane 
cine,  1  think  that  parhapa  it  la  tine  for  ua  to  talk  about  tha  extrema  pedantary  that  we  have  to  practice 
io  order  to  chase  that  last  .1  of  a  drag  count,  let  ne  exaggerate.  The  sort  of  thing  that  we  heard  this 
morning  in  Gunter  Kr«ia*  talk  about  having  to  watch  the  last  little  covered  slot  in  order  to  make 
aignlflcant  differancea,  I  think  that  highlighta  the  sort  of  extremes  that  we  have  to  go  to  in  order  to  be 
sufficiently  accurate  for  what  is  needed  for  design.  Perhaps  we  could  have  a  bit  of  discussion  about  how 
far  are  we  from  really  achieving  the  accuracy  that  la  needed  for  design  in  more  depth.  I  think  that  the 
paper  this  nomlag  was  a  case  In  point.  Perhaps  Gunter  would  like  to  say  something* 

Mr.  G. 

I  did  show  that  one  drag  count  we  can  achieve,  but  the  amount  of  work  and  the  expense  of  money  ia  very 
high,  so  that  in  that  sense  I  do  not  agree  with  the  two  sentences  which  Hr.  Honnerle  has  written  because 
they  are  connected.  We  can  reach  it,  and  we  have  done  it  in  the  SI  tunnel  but  the  work  ia  very  laborious 
and  very  expensive.  So  the  problem  here,  Juat  talking  transport  aircraft  and  nothing  else,  la  that  we 
should  find  ways  to  do  it  leas  coatly  so  that  means  the  model  must  be  manufactured  accurately,  with 
special  methods,  and  so  on.  On  the  transport  aide  we  are  satisfied  regarding  test  accuracy,  but  not  with 
the  aoney. 

Or.  Koernar 

If  you  can  have  the  drag  in  the  wlndtunnel  with  one  count  accuracy,  what  is  the  accuracy  of  your 
extrapolation  of  the  drag  from  windtunnel  to  flight?  Do  you  have  the  aaae  accuracy? 

Mr.  G.  Krena 

Ibat  is  the  point,  because  it  ia  not  so  easy.  It  la  not  tha  problem  of  looking  for  one  drag  count,  we  can 
do  that,  but  the  problea  la  how  to  translate,  to  transform  the  data  from  windtunsel  teats  to  the  full 
scale  Reynolds  numbar,  to  cover  the  gap  between  12  million  that  we  can  reach  in  RAE  with  a  half  model  and 
the  full  scale  for  Airbus  for  Inaunce,  of  40  ailltoo.  That  is  the  big  problea,  sod  when  you  go  to 
design,  which  la  ambitious,  in  that  sense  that  the  rear  pressure  gradient  is  steep  and  the  flow  near 
•eparation,  you  have  to  know  how  the  flow  develops  over  this  distance  of  Reynolds  number.  That  is  not  in 
our  hands,  neither  in  teat  facilities  nor  by  theoretical  methods,  and  1  am  wondering  that  reaearcbera  are 
working  so  auch  on  new  methods,  nuaerical  aethoda  are  aufflcient,  I  think,  as  far  as  industry  work  la 
concerned,  but  a  lot  of  research  must  be  done  in  finding  the  effect  of  Reynolds  number  In  this  range. 

Prof.  Homung 

Perhaps  Nr.  arter  as  an  experiaantaliat  would  like  to  have  a  word  on  this. 

Hr.  Carter 

The  simple  answer  to  your  question  la  NO,  1  didn't  want  to  bava  a  word  on  thin,  but  you  called  ne  so  I 
will  coaaaat  with  a  fam  words  if  you  have  time  to  give  ae.  1  think  that  the  experiaantaliat  'a 
relationship  with  Gunter  Krena  aod  Airbus  la  axtramely  good  at  tha  momaat,  no  1  don't  waat  to  rock  that 
boat*  1  thlidL  he  has  not  laplmilwail  tha  point,  idilch  came  out  in  him  paper,  that  ha  wiabaa  to  relate 
intelligent  testli«  at  lower  layaelda  ouabora,  to  hia  flight  data.  Ba,  ia  mcit  rampacta,  ia  looki^  at 
tha  affact  of  mall  "twaeka”  of  hia  daaiga  and  mlaor  modifiemtiona  to  ralata  tbam  to  ebangas  in  an 
absolute  set  of  data  which  he  baa  obtained  from  flight*  So  1  think  thnt  it  ia  poaalble  to  achieve  final 
high  accuracy  eonditlona  by  using  a  flight  rafaranca  coodltioa.  Dr*  Xeamer  la  quite  right  to  ask  tha 
question,  but  we  are  not  in  tha  position  whara  wa  have  to  Mfca  larga  mxtrepolatien  now  banuae  flight  data 
la  mors  accutata  and  more  project  related  and  ita  valoa  can  be  maaaured  in  terma  of  coat.  Now 

the  point  1  would  Ilka  to  taka  up  with  Nt.  Krans  was  the  fact  that  be  kept  talking  about  coat.  He  often 
ulka  about  coat,  usually  baeauta  it  ia  too  big,  but  somebody  in  one  of  the  papera  this  waak  ahomad  oma  of 
those  typical  large  citcular  dlagxama  and  tha  alas  of  tba  width  of  the  aagmont  that  was  put  oa  that 
for  tbm  raaaarch  eoata  was  so  minlacula  that  1  would  challango  hia  point  about  high  teaaarch 
coots.  laa*t  It  about  time  wo  raaliaad  tba  actual  value  of  tho  roaearch  and  make  it  a  littla  tiny  bit 
larger  sonant  of  this  circle  which  la  almost  certainly  compoaad  of  davalopmant  coats  and  other  coats 
which  are  nora  aaally  accepted.  A  factor  of  two  In  the  research  segment  would  nake  an  anomoua  affect  oa 


SIM 


tte  MMsceh  aad  virtually  m  aflaet  ou  cha  aisa  af  tiia  ctrela. 

Mr*  Ckalnaa*  aay  1  ralaa  a  quaatloa  that  I  would  lUU  to  hava  aalMd  Prof*  Kaabocko  oa  hla  varloua  acala 
affaet  aeaaatioa*  Doaa  ha  aaa  a  aeaaarlo  ahara  hla  W  09  la  tolot  to  coaa  out  with  tha  eoaclualoa  that 
aoi^  tsaaaaaie  aiadtuaaala  with  laywalda  auahara  of  11  aillloo  aad  abova  ara  foias  to  ha  uaalaaa  baeauaa 
It  ia  iapaaBihla  to  fla  aft  traaaltiaa  to  rapraaaat  tha  ecrract  vlaeoua  houadary  layar  hish  layaolda 
BUBbor  cBwditiawa. 


IS.  taahacho 

Tha  ■aawaF'vory  alaply  ia  TB. 

Tou  ara  eawias  a  caoelualoo  that  oBpaaali^  tiataala  Dtcaaaarily  hava  poor  flow  quality.  1  think  that 
thara  ia  a  sraat  aoaaitivlty  oov  to  ia^oviat  tha  flow  quality  ia  wlodtuBaala,  howavar  aspaaalva  tha 
tuawal.  Ua  can  look  forward  to  a  wueh  battor  altuatioo.  Whlla  1  hava  tha  floor  1  think  that  I  abould 
■aatlOB  that  tha  faet  that  a  fiaiatl  raproducaa  full  Bayaolda  auabara  la  do  guaraataa  of  flight  quality 
raaulu.  lha  eloaar  a  wiaitoaaol  gata  to  aehiavlag  full  Kayaolda  Bwbar  tha  aora  it  haa  to  cowplataly 
oaulata  tha  flight  ooviroaMat* 

JSESLJSSSSI. 

Ha  Hmvo  BOW  about  5  aiautaa  of  dlaeuaaioa  loft*  I  think  that  aayba  wa  ahould  lot  tha  nuabar  crunchara  hava 
a  word  too.  loop*  you  had  your  hand  up  bafora. 

Hr.  Slooff 

Taa*  hut  1  aw  afraid  that  what  1  aa  going  to  aay  haa  nothing  to  do  with  nuabar  crunching.  Flrat  of  all  I 
aho^d  aay  that  duo  to  tha  fact  that  wa  wara  having  groat  difficulty  in  aatabllahlng  tha  prograa  for  tha 
nart  AfiAID  naatlng  which  la  on  coda  validation,  I  wltnaaaad  only  a  faw  papara  bara,  ao  tha  quaatloo  nay 
hava  baan  anawarol  alcoady.  Ona  of  tha  papara  I  did  witnaaa  wna  tha  ona  by  Travla  hlnlon,  and  1  think 
support  Intarfaranca  ranka  hl^  on  hla  Hat  of  luicartalntiaa.  Obvioualy,  mabar  crunching  cowaa  in  aa  ona 
poaalbility  for  roduelng  tho  uacartalnty  In  that  raapaet,  but  I  waa  wondaring  whathar  any  prograaa  haa 
baan  oada  anywhara  on  noo-*lntrualva  auapanalon,  ouch  aa  nagnatlc  suapanaion.  la  this  hardware  aolutlon 
balng  purauad  anywhara  or  notf 

Prof.  Homnna 

Cartainly  In  chi a  oaatlng  thara  waa  no  dlacuaalon  of  nagnatlc  auapenalona,  and  parhape  wa  should  not  go  in 
dapth  la  thla  fiald  at  Chla  point*  but  I  think  that  nayba  In  ordar  to  gat  tha  nuoarlcal  world  Into  the 
acanc  a  bit,  Wolfgang  Scbaldt  abould  hava  a  word. 

Dr.  Schwldt 

1  won’t  coHHrat  about  CFO  aithar.  1  ao  sowewhac  worrlad  about  the  abaoluta  accuracy  of  aowethlng  Ilka  one 
drag  eouttC  haeauac  of  tha  fact  chat  wa  ara  working  with  wlndtimnal  wodeln  that  ara  pollnhad  In  •urfnce, 
Chat  ara  aada  of  scaal  all  tha  way  through  that  hava  cowplataly  dlffarant  banding  and  twist  thsn  sctusl 
slrcraft  sad  with  cewplstaly  dlffarant  surfacaa.  So  bow  can  wa  actually  ralata  tha  cowplataly  different 
ahapa  and  scnictura  and  quality  of  cba  nodal  to  what  la  happening  In  real  flight? 

Mr.  Bl^oo 

Vary  sluipTa,  Wolfgang,  you  uac  the  Cools  you  have  avsllable  to  you.  Ihe  power  of  CFD,  I  believe,  le  that 
ona  can  taka  ezparlwental  data  froo  a  wiodtunoel  sod*  if  1  nay  use  the  tern,  calibrate  the  CFD  code  with 
wlodtunnel  boundary  coodlCloos*  with  wiodtuansl  turbulence  with  wiodtunnel  wall  intarfaranca*  with  all  the 
other  factors  chat  affaet  wlndtunnal  data  and  than  ranova  those  factors  In  the  CFD  code  and  extrapolate 
tha  data  to  flight  using  flight  boundary  conditions,  flight  turbulence  valves,  flight  transition 
locations,  etc.  However,  to  do  chat  we  Bust  develop  an  understanding  of  the  physics  in  the  siodcunnel  as 
well  as  In  flight.  1  believe  ia  the  next  decade  that  the  only  way  we  are  going  to  solve  the  probleo  of 
trying  to  gat  praclsa  flight  predictions  froB  a  wlndtunnel  baeauaa  of  all  tha  factors  Involved.  One  other 
point  before  1  give  up  tha  floor.  1  want  to  dafsad  one  of  wf  favorite  people*  Dr.  Osborne  keynolds.  We 
tend  to  blawa  all  of  our  ills  on  his  nuabar.  Thara  ara  lO's  of  factors  that  Influaaca  wlndtunnal  data. 

We  should  not  lose  sight  of  that.  We  need  to  asks  sure  that  we  are  doing  everything  right  and  not  just 
worrying  about  one  parawater. 

Dr.  Schaldt 

I  SB  plrsaail  that  you  gave  tha  anawar  on  tha  use  of  CFD  that  1  had  In  Bind.  But  still  there  la  one  point 
left  aad  that  Is  1  would  like  to  sea  the  axpariaantallst  who  Is  willing  to  integrats  his  neasurad 
prassuras  to  gat  drag.  However*  chat  ia  what  people  expect  frow  all  the  CFD  people.  They  take  their 
cowpuCationa*  they  Integrate  praaaura  over  tha  aurfacaa  and  they  aay,  "look*  that  is  drag". 
BxparlBantallata  will  never  do  that  because  they  all  have  halancaa. 

Hr.  Pinion 

Wa  Integrate  praaauraa  on  notsla  aftarbodlaa  to  gat  drag  quite  often,  in  doing  cowpariaona  batwaan 
praaaura  intajpratloaa  and  balaaca  wasaurawanta  wa  found  that  the  agraawant  batwaan  tha  two  Bathods  ia  vary 
good  if  you  do  thii^  corraetly.  Anond  ether  thlaga*  tha  praaaura  orlflcwa  Bust  be  diatrlbutad  such  that 
tha  niHvn  ot  high  gradisatB  ara  wall  daftaad.  eo^lieatad  tbraa  dlMoaloBal  configurations  that 
requires  aavaral  chaueand  praaaura  orlfieaa.  Bvan  on  cao-dlBaaaloaal  wings,  tha  orifice  daaalty  near  the 
laadlBg  adfs  wmt  be  ^ulta  high  Just  as  does  tbs  grid  spacing  in  tha  esaputatlOBS.  Hsay  tlaas  it  la 
phyaifislly  tapossibla  to  iaatall  anaagh  orlfieaa  to  adognataly  dafiaa  tha  gradlanta.  Than  sona  other 
Biant  BBBt  be  nptoyad.  lha  caaputational  aad  aspariaaatal  pa^a  nnat  aork  togatbar  to  uadarstsad  cIm 
llaitatloas  of  aa^  nathod  ao  c^  can  dasiga  eesputatiooa  and  asparinants  that  ara  nntually  eoapatihla. 

ftr.  WeCraafcsy 

T"tSi3r?St  wa  raally  tbtnld  be  looking  ahaad  to  iatarsetioas  batwaan  aarodynaaica  aad  tha  atmetnraa* 
propolaiaa,  and  athar  diacipliaaa*  aad  X  hspa  that  both  CFD  aad  tha  axperinaotal  work  will  aova  aonaahat 
la  that  diraetiSK. 
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Frof»  Hor***"! 

tbi  •l^trlcity  1«  flowint  1  «houlid  tenUMt*  tte  di«ciiMloD  bacuuse  at  this  point  the  ritual  la 
ov«r  Mid  iM  hMid  ovar  to  tha  Chalraaa  of  tba  fkaal  Mbo  alll  round  It  off* 


Sachay 

Wall l^niwan »  afcar  thla  Ugli  apaad  aboot  out  by  Hana  Homuns  oo  our  Synpoalun,  It  la  up  to  the  Oialnan 
to  aaha  mmm  final  ranarka*  but  hafora  eonlng  to  tboaa  ranarka,  I  will  give  General  Graaloll*  the  National 
Delegate  of  Italy  the  opportunity  to  any  aonething. 

Canaral  Cryloll 

ihank  you  Mr.  dialraaa.  ladiaa  and  Geotlanen*  At  the  conelualon  of  thla  ay^oalun,  i  note  with  great 
aatlafactlon  the  nuneroua  partlcipanta  and  wlndtmnal  apacialiata,  ud  1  want  to  thai^  particularly 
General  Arploo  who  baa  welconed  ua  at  the  Italian  Airforce  Aeadeny.  General  Bartolucclf  Prealdent 
C.I.K.A.  and  the  Oirectloa  of  C.I.g.A.  who  haire  helped  ua  with  the  organlaatlon.  Now,  I  will  proceed  with 
the  dlatrlbutlon  of  aouvaalra  concerning  the  Sypoalun  to  the  people  who  have  particularly  contributed  to 
Ita  wonderful  aucceaa*  Secber»  Chalraaa  of  the  Panel,  Hr*  Hoonerle,  Co-Chelmen  of  the  Technical 
Connlttee,  Hr.  Ohnen,  Co-Chelmen  of  the  Tecfanlcel  Connlttee,  Hr.  Placher,  the  Panel  becutlve,  General 
Bertolucci,  Prealdent  of  C.l.ft.A.  Hr.  Abollonl,  the  Director  General  of  C.I.k.A.,  Profeeaor  Nipolltaiio, 
the  National  Panel  Coordiaetor »  Colonel  Bertlaarle,  second  in  connand.  Lieutenant  Colonel  Cavallero,  Local 
Coordinator.  A  special  thank  you  to  Nr*  Sacher  on  b^lf  of  the  Itellen  delegation.  Ihla  la  Hr.  Sacher's 
laat  neetlog  aa  Caiman  of  the  Panel,  end  Hr*  Bekhan  will  replace  bln  In  October.  1  would  like  to  thank 
also  the  auchore  of  tha  technical  papers  and  all  the  partlcipanta.  1  hope  that  Italy  will  have  another 
opportunity  to  organiac  vary  aoon  another  Synpoelun  of  the  nuld  Dynenlca  Panel  and  In  the  naantlne,  thank 
you,  good  bye  until  the  next  tine  and  have  e  good  trip  to  your  reepective  countries. 

Hr.  Sacher 

ladlM  and  Oantlenen,  aa  you  have  noticed  that  nakea  thin  an  easy  Job  tbla  tine  to  acknowledge  ell  these 
Inportent  peraooalitiea  who  have  contributed  el^lflcently  to  the  aucceat  of  this  neetlog.  1  Junt  want, 
on  behalf  of  the  Fluid  Oynanlcs  Panel,  to  acknowledge  General  Craxioll,  the  National  Delegate  froo  Italy, 
for  hla  creneodoua  effort  for  arranging  this  naetlng  and  for  providing  ua  with  the  local  connections  to 
hold  our  neetlog  here  In  Naples.  We  thank  very  auch  the  Italian  National  Delegation  to  AGARD.  Pleaae 
allow  ne  to  thank  also  the  Italian  Airforce  Aeadeny  for  providing  all  the  local  things,  first  of  all  of 
course.  General  Arplno  and  hla  ataff.  I  want  to  add  our  personal  thanks  on  behalf  of  the  Panel  to  one  of 
our  oldest  nenbera,  Profeeaor  Luigi  Napolltano  iHio  hae  bera  with  AGARD  since  1960.  Also,  of  course,  hla 
ataff  fron  tha  University,  and  on  behalf  of  tba  Fluid  Dynanlca  Panel  I  have  to  acknowledge  epcclallyh  the 
excellent  preparation  of  our  Ladlee  Progranne  which  has  been  orgenleed  end  aponaored  by  C.I.R.A. 

Concluding  I  have  to  address  our  appreciation  to  the  technical  ataff  of  thla  nesting.  We  Itave  had  again 
precise,  excellent  Interpretora  with  ua,  and  we  thank  very  nuch  Mrs.  Borlat-Roaaano,  Hre.  Hlcka  end  Hra. 
Hain  for  doing  an  excellent  Job  during  the  whole  week.  Not  to  forget  at  the  end  of  this  nesting  our 
Chenka  to  the  techniciana,  Hr.  Dale  Vcrly  and  Richard  Adan  who  have  provided  all  of  these  errengenents 
concerning  the  alcrophonea  and  Che  projection  ayaten.  Now  1  would  like  to  thank  our  Executive  Mike 
Plecher  and  hla  eecrecary  Anne-^rle  Rlvault  for  providing  again  thla  excellent  support  throughout  the 
whole  week  eod  her  service  froa  the  adniolstretlve  side.  Before  ending  ay  acknowledgenent,  I  want  to 
thank  all  the  perticlpenca  of  Chie  nceting,  not  only  for  staying  with  ua  throughout  all  the  neetings  - 
four  long  days  *  but  also  for  their  active  pert icipa tat Ion  in  the  various  discuaalons  along  with  the 
presentations.  Thank  you  for  coning  and  allow  ne  to  express  ay  hope  that  we  will  see  as  aany  of  you  aa 
possible  in  one  of  our  future  activities. 

Allow  ae  Co  aake  eoae  coanerclala.  Our  prograa  for  198B  provides  a  spring  aeeclng  In  Lisbon;  it  is  CFD 
Code  Validation  which  la  very  cloeely  related  to  the  subject  of  thla  past  eeetlng.  In  the  fall,  the  first 
half  of  October,  we  will  have  a  aecood  ayapoalua  in  Turkey  on  the  subject  of  Three'dlaenslonal  Turbulent 
Sheer  Flows  and  Transition.  In  addition,  we  ere  organicing  two  special  courses  in  the  next  year;  one  In 
May  on  Aerodyoaalca  of  Hypersonic  Vehicles  which  will  be  arranged  in  Brussels.  The  second  one  will  be  in 
April  on  Boundary  Layer  Sinulatlon  Methodology  in  Transonic  Wlndtunnel  Testing.  This  will  also  be  a  short 
course  repeated  at  the  (kilveraity  of  Tenneaaee  in  the  United  States.  I  hope  to  see  nany  of  you  In  one  of 
these  future  activities,  and  now  1  would  like  to  say  good  bye  eod  to  wish  everybody  a  good  return. 


1.  gf  riplti’»  thtmairt 


KEPtHtT  DOCUMENTATION  PAGE 
RHerfce  1 3.  Furtlur  Btfainc* 


5.0fiiiMtar 


<.TW« 


7.  PircMotod  at 


.  Oii||nBtor*s  Refcwee 

3.  Further  Kcimaee 

4.  Security  OasrtBcalhHi 
efPoriunfUl 

AGARD-CP-429 

lS8N92-83S-<)469-0 

UNCLASSIFIED 

Advisory  Group  for  Aerospace  Researdi  and  Devdopment 

North  Ailantic  Treaty  Otiganizaliaa 

True  Anoefle,  92200  Neuillysur  Seine,  France _ 


AERODYNAMIC  DATA  ACCURACY  AND  QUALITY:  REQUIREMENTS 
AND  CAPABIUTIES  IN  WIND  TUNNEL  TESTING 


the  Symposiuni  of  the  Fluid  Dynamics  Panel  in  Naples,  Italy, 

28  Sq)teinber— 1  October  1987. 

9.  Dale 

July  1988 


S.  Aiiliior(s)/EdHof(s) 


Various 


19.  Aulhor’i/Edltor’s  AdAre« 


II. 


12.  Dlatribuliaa  StatcBMni 


13.  KcymKria/Dcactiiaan 


Various 


530 


This  document  is  distributed  in  accordance  with  AG  ARD 
polictes  and  regulations,  which  are  outlined  on  the 
Outside  Back  Covers  of  all  AGARD  publications. 


Wind  tunnels  Measuremoit 

Amodynamics  Environments 

Accuracy 


l4.AbMract 

^  The  wind  tunnel  continues  to  be  the  main  instrument  for  providing  experimental  aerodynamic  data 
to  the  aerospace  industry  and  the  aerodynamic  researcherlor  the  purpose  of  loadand  performance 
evaluation  and  for  verification  of  theoretical  results.  In  both  cases  it  is  imperative  that  the  user  has 
confidence  in  the  quality  of  the  results,  which  means  that  he  must  have  information  on  what 
accuracy  to  attach  to  the  data. 

'  The  quality  of  wind  tuimel  results  depends  upon  both  the  accuracy  of  measurements  and  the 
imperfections  provided  by  the  a^jumel  environment.  Great  strides  have  been  made  in  recent 
years  on  memnirement  accuracy  and  as  a  rule  ^need^  longer  be  of  much  ccmcern  if  properly 
attended  to.  However,  imperfections  provided  by  the  wind  tunnd  environment  are  still  with  us  and 
these  are  today  the  main  sources  affecting  the  qiiahty  and  accuracy  of  aerodynamic  data  obtained  in 
awind  tunnel 


It  was  the  purpose  of  this  symposium  to  try  to  define  vriiat  accuracy  has  presently  been  achieved  in 
modern  fadlhies  and  to  cmnpare  diese  aduevements  with  the  actual  demands  of  the  user. 

Sir:s-bfrr>  tl€<i  : 
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impeiMive  flat  the  user  bat  confidence  in  tbe  quality  of  the  imperative  that  the  user  has  confidence  in  the  quaUty  of  the 

results,  which  means  that  he  must  have  information  on  results,  which  means  that  he  must  have  information  on 

what  accuracy  to  attach  to  the  data.  what  accuracy  to  attach  to  the  data. 
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